UNCLASSIFIED 


AD  NUMBER 

AD855520 

NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors; 
Administrative/Operational  Use;  APR  1969. 
Other  requests  shall  be  referred  to  the 
Air  Force  Materials  Laboratory,  Attn:  MATF 
[Manufacturing  Technology  Division] , 
Wright-Patterson  AFB,  OH  45433. 

AUTHORITY 

USAFSC,  per  ltr  dtd  26  May  1972 


THIS  PAGE  IS  UNCLASSIFIED 


AD855520 


AFML-TR-68-379 
Volume  I 


PLASMA  ARC  WELDING  PROCESS  DEVELOPMENT  PROGRAM 
(Volumes  I,  II,  and  III) 


V/' .  D.  Gaw 
and 

G.  L.  Starr 

Aerojet-General  Corporation 


Technical  Report  AFML-TR-68-379,  Vol  I 
April  1969 


This  document  is  subject  to  special  export  control  and  each 
transmittal  to  foreign  governments  or  foreign  nationals  may 
be  made  only  with  the  prior  approval  of  the  Manufacturing 
Technology  Division,  Air  Force  Materials  Laboratory  (MATF), 
Wright-Patterson  Air  Force  Base,  Ohio  45433. 


Air  Force  Materials 
Air  Force  Systems 
Wright-Patterson  Air  Force 


Laboratory 
Command 
Base,  Ohio  45433 


rr 


j.  JUL291369 


2W 


NOTICES 


When  Government  drawings,  specifications,  or  other  data  are  used 
for  any  purpose  other  than  in  connection  with  a  definitely  related  Govern¬ 
ment  procurement  operation,  the  United  States  Government  thereby  incurs 
no  responsibility  nor  any  obligation  whatsoever;  and  the  fact  that  the  Gov¬ 
ernment  may  have  formulated,  furnished,  or  in  any  way  supplied,  the  said 
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or  re-export  under  U, S.  Export  Control  Act  of  1948  (63  STAT.  7),  as 
amended  (50  U.  S.  C.  Appn.  2020-2031),  as  implemented  by  AFR  400-10, 


This  document  is  subject  to  special  export  control  and  each 
transmittal  to  foreign  governments  or  foreign  nationals  may¬ 
be  made  only  with  the  prior  approval  of  the  Manufacturing 
Technology  Division. 


FOREWORD 


This  Final  Technical  Report  covers  all  work  performed  under  Contract 
AF33 (615) -5353  from  July  1966  to  March  1969.  The  manuscript  was 
released  by  the  authors  In  March  1969  for  publication. 

This  contract  with  Aerojet-General  Corporation,  Fullerton,  California  was 
initiated  under  Manufacturing  Methods  Project  9-800,  Plasma  Arc  Welding 
Development.  The  work  was  administered  tinder  the  technical  direction  of 
Mr.  Frederick  R.  Miller,  Fabrication  Branch  (MATF) ,  Manufacturing  Tech¬ 
nology  Division,  Air  Force  Materials  Laboratory,  Wright-Patterson  Air 
Force  Base,  Ohio. 

Mr.  ii.  L.  Baird  was  Program  Manager  for  Aerojet-General  Corporation  and 
Mr.  W.  D.  Caw  was  the  Project  Engineer,  assisted  by  Mr.  G.  L.  Starr. 

This  project  has  been  accomplished  as  a  part  of  the  Air  Force  Manufactur¬ 
ing  Methods  Program,  the  primary  objective  of  which  is  to  develop,  on  a 
timely  basis,  manufacturing  processes,  techniques  and  equipment  for  use 
in  economical  production  of  USAF  materials  and  components. 

Your  comments  are  solicited  on  the  potential  utilization  of  the  information 
contained  herein  as  applied  to  your  present  and/or  future  production  pro¬ 
grams.  Suggestions  concerning  additional  manufacturing  methods  development 
required  on  this  or  other  subjects  will  be  appreciated. 

This  technical  report  has  been  reviewed  and  is  approved. 


UL#,  i-L  A- 

K  R.  MARSH,  Chief 
Fabrication  Branch 
Manufacturing  Technology  Division 


All  equipment  items  compared  in  this  report  or  on  this  contract  are 
commerical  hardware  that  were  not  necessarily  developed  or  manu¬ 
factured  to  meet  Government  specifications,  to  withstand  the  tests  to 
which  they  were  subjected,  or  to  operate  as  they  were  applied  during 
this  study.  Any  failure,  either  objective  relative  or  implied,  to  meet 
the  objectives  of  this  study  is  no  reflection  on  any  of  the  equipment 
items  discussed  herein  or  on  any  manufacturer. 


ABSTRACT 


The  objective  of  work  reported  in  this  volume  was  to  evaluate  the  Linde 
PT-8  and  Thermal  Dynamics  U-5T  plasma  are  welding  torches  for  fabri¬ 
cating  rocket  motor  cases  and  weight-critical  uafired  pressure  vessels. 
Welding  studies  were  accomplished  utilizing  0.  25-in. -thick  6A1-4V  titanium 
and  Inconel  718,  and  0.  663-in.-thick  Rene  41, 

The  PT-8  and  U-5T  torches  were  found  to  require  different  pilot  arc  circuits 
and  orifice  gas  flow  ranges.  To  achieve  contract  objectives  it  was  necessary 
to  install  pilot  arc  cutout  circuitry  and  a  multifunction  plasma  gas  control  to 
provide  satisfactory  controls  and  range  for  both  torches. 


Single  pass  flat  position  square  butt  welds  were  made  in  0.  25-in. -thick 
6A1-4V  titanium  with  both  torches  at  welding  speeds  of  6,  12,  and  18  ipm. 

No  single -pass  welds  were  completely  free  of  top  bead  underfill;  a  second 
(or  cover)  pass  was  needed  to  eliminate  this.  Circumferential  keyhole  weld¬ 
ing  procedures  were  developed  at  12  ipm  weld  speed  with  the  PT-8  torch 
for  both  flat  and  horizontal  position  square  butt  welds.  Orifice  gas  down- 
slope  rate  appeared  to  exert  greatest  influence  on  quality  in  the  keyhole 
withdrawal  area.  The  .U.-5T  torch  exhibited  inconsistency  in  penetrating 
force  of  the  plasma  arc  and  was  not  used  extensively  for  circumferential 
weld  procedure  development.  Combined  mismatch  and  gaps  up  to  0.  080 
and  0. 070-in. ,  respectively,  were  keyhole  welded  in  the  flat  position  with¬ 
out  melting  holes  in  the  weld.  Plasma  arc  welds  were  essentially  free  of  _ _ 

porosity  within  the  range  df  weld  jbint  cleanliness  level s  evaluated. 

Transweld  tensile  and  precrack  Charpy  properties  of  plasma  arc  welds  in 
titanium  were  satisfactory  for  the  most  critical  applications.  Weld  metal 
oxygen  content  of  plasma  arc  welds  was  25%  to  40%  less  than  in  parent 
metal.  Miscrostructures  were  normal  in  all  respects  for  fusion  welds. 
Hardness  in  weld  fusion  and  heat-affected  zones  ranged  between  Rc  31  and 
37  in  all  welds,  after  stress -relieving  at  about  1000°F  for  4  hr.  Low-cycle 
fatigue  life  of  these  welds  may  be  less  than  10%  of  parent  metal  at  equivalent 
stress  levels. 

Keyhole  welds  in  Inconel  718  were  produced  at  6-ipm  weld  speed  and  exhi¬ 
bited  transweld  strength  of  99%  of  parent  metal.  A  simulated  circumferen¬ 
tial  weld  exhibited  root  bead  cracks  at  the  keyhole  withdrawal  point. 

Applications  of  these  plasma  torches  for  sheet  metal  welding  may  have 
limited  value  because  requirements  for  torch  orifice-end  access  prevent 
narrow  chill  bar  spacing,  which  causes  excessive  weld  distortion. 


The  standard  shield  gas  area  coverage  of  both  torches  was  unsatisfactory 

for  material  s  covered-  injthis_volur£ie _  A.  trailing  -Shield-  provided  suitable - — 

shielding  and  was  easily  adaptable  to  both  torches.  When  assembled  with 
care,  both  torches  were  free  of  water  leakage,  and  factory-recommended 
procedures  yielded  apparently  satisfactory  electrode  setback  and  centering 
adjustments , 

The  plasma  arc  welding  process  produced  welds  exceptionally  free  of  defects. 
Weld  physical  properties  were  at  least  equivalent  with  those  reported  for 
GTAW,  GMAW,  and  electron  beam  processes  in  0.  25-in,-thick  6A1-4V 
titanium  and  Inconel  718,  Overall  plasma  arc  weld  time  is  less  than  one 
third  that  required  by  GTAW  or  GMAW  for  equivalent  applications  on  these 
materials.  Plasma  arc  and  electron  beam  overall  weld  times  were  nominally 
identical,  but  the  quality  and  properties  of  plasma  arc  welds  were  superior 
in  0.  25-in.-thick  6A1-4V  titanium. 

Although  plasma  arc  welding  requires  more  equipment  components  than 
GTAW  or  GMAW,  it  is  little  more  difficult  to  train  operators  for  this 
process  than  for  other  automatic  welding  processes. 


Conventional  GTAW  weld  tooling  can  be  employed  for  plasma  arc  welding 
if  relief  is  provided  on  the  root  bead  side  to  dissipate  the  plasma  flame 
that  protrudes  through  the  keyhole. 


The  distribution  of  this  report  is  limited  because  it  contains  technology 
identifiable  with  items  on  the  strategic  embargo  lists  excluded  from  export 

amended  (50  U.  S.  C.  Appn.  2020-2031),  as  implemented  by  AFR  400-10, 


AFR  310-2,  and  AFSCR  80-20. 
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PREFACE 


During  the  last  20  years  the  gas-tungsten  arc  welding  process  (GTAW)  has 
achieved  a  widely  respected  position  in  the  aerospace  industry  because  it  can 
consistently  produce  high-quality  fusion  welds  in  a  wide  variety  of  materials, 
and  because  the  equipment  used  is  well  understood:.  Although  the  GTAW 
process  affords  comparatively  low  welding  speeds,  it  is  used  almost  exclu¬ 
sively  for  welding  rocket  motor  cases  and  most  weight-critical  unfired  pres¬ 
sure  vessels.  As  vessel  size  and  wall  thickness  increase,  the  GTAW  process 
becomes  more  time  consuming  and  expensive.  Therefore,  more  economical 
processes  for  producing  premium  quality  welds  are  constantly  being  sought. 
Although,  the  gas-metal  arc  and  submerged  arc  welding  processes  (GMAW 
and  SAW)  offer  much  greater  welding  speed  potential  than  the  GTAW  process, 
evaluation  of  these  processes  on  certain  high-strength  steels  has  disclosed 
that  weld  quality  and  properties  are  frequently  inferior.  The  plasma  arc  and 
portable  chamber  electron  beam  welding  processes  exhibit  somewhat  the 
same  potential  for  reducing  overall  welding  time,  but  plasma  arc  weld  quality 
does  not  depend  on  the  integrity  of  a  partial  vacuum  and  plasma  accessory 
equipment  is  generally  lees  cumbersome.  For  this  and  other  reasons, 
welding  applications  of  the  plasma  arc  have  received  increasing  attention 
during  the  last  5  years. 

The  plasma  arc  welding  process  evolved  during  the  development  of  the  high- 
energy  transferred-arc  plasma  torch  for  metal  cutting  operations  when  it 
was  observed  that  insufficient  plasma  stream  energy  sometimes  yielded  a 
weld  rather  than  a-^r^  Ws^buh^  tS^  diff^e^s'betureen 

cutting  and  welding  plasma  arcs  were  the  magnitudes  of  the  interrelated 
plasma  stream  energy  factors:  mass  flow  rate  of  plasma  (orifice)  gas  and 
arc  power  density.  The  plasma  arc  employed  for  plate  thickness  welding 
requires  the  plasma  (orifice)  gas  flow  to  be  accurately  controlled;  flow 
rates  for  welding  are  generally  less  than  10%  of  those  used  for  plasma  cutting. 
Arc  power  density  can  be  adjusted  over  the  entire  range  between  the  cutting 
plasma  arc  and  the  unconstricted  gas -tungsten  arc  to  obtain  virtually  any 
desired  welding  arc  characteristic. 

in  suitable  material  thicknesses,  certain  combinations  of  plasma  gas  flow, 
arc  current,  and  weld  travel  speed  will  produce  a  relatively  small  weld  pud¬ 
dle  with  a  hole  penetrating  completely  through  the  weld  plate  at  the  leading 
edge  of  the  weld  puddle  (called  the  keyhole),  an  unusual  and  exclusive  charac¬ 
teristic  of  plasma  arc  among  the  gas-shielded  welding  processes.  In  a 
stable  keyhole  mode  weld,  molten  metal  is  displaced  to  the  top  bead  surface 
by  the  plasma  stream  (in  penetrating  the  plate)  to  form  the  characteristic 


keyhole.  As  the  plasma  arc  torch  is  mechanically  moved  along  the  weld  joint, 
metal  melted  by  the  arc  is-£or«dtonow«roundthe-plasmastrearn  along  the  — 
molten  side  surfaces  of  the  keyhole  to  the  rear  where  the  weld  puddle  forms 
and  solidifies.  Thus,  the  keyhole  mechanism  forms  a  relatively  narrow  and 
very  deep  "melt-thru"  fusion  weld  of  unusually  high  quality. 


Section  I 


INTRODUCTION 


Plasma  arc  torches  designed  specifically  for  welding  have  been  marketed  by 
two  firm#  for  about  5  years;  Linde  Division  of  Union  Carbide  Corporation 
produces  the  PT-8  torch,  and  Thermal  Dynamics  Corporation  produces  the 
U-5T  torch.  These  tcrcnes  reflect  several  iteratively  developed  configur¬ 
ation  and  design  features  that  vary  according  to  the  manufacturer's  objectives, 
and  a  plasma  gas  control  console  is  made  for  each  torch  to  provide  for  their 
individual  service  and  process  requirements.  (These  plasma  arc  welding 
torches  and  the  process  in  general  are  discussed  in  References  1  through  9. ) 
Previous  work  in  evaluating  these  torches  for  practical  applications  has 
been  largely  qualitative;  relatively  little  numerical  data  concerning  the  plate 
thickness  welding  characteristics  of  the  process  and  equipment  has  been 
developed  in  the  following  categories: 

a.  Repeatability  characteristics  of  available  equipment 
for  producing  premium  quality  keyhole  mode  butt 
•‘welds  in  high-strength  steel,  titanium,  and  nickel 
base  alloys  in  the  flat  and  horizontal  weld  positions. 

b.  Procedural  methods  and  repeatability  for  making 
keyhole  mode  circumferential  welds  in  the  above 

_ .materials  in  thicknesses  up  to  <L_62_ inland  in  para - 

ticular,  the  consistency  of  weld  quality  in  the  weld 
zone  where  overlap  of  the  keyhole  initiation  point  and 
keyhole  withdrawal  occurs. 

c.  ^Correlation  between  plasma  arc  welding  variables 
and  weld  properties  in  certain  alloys  that  may  exhibit 
sensitivity  between  mechanical  properties  and  weld 
energy  input, 

d.  /Comparisons  of  the  different  plasma  arc  welding 
torches  available  for  production  applications. 

The  objective  of  this  contract  was  to  contribute  data  describing  the  capabilities 
of  the  plasma  arc  welding  process  for  making  circumferential  welds  in  rocket 
motor  cases  and  other  weight-critical  pressure  vessels,  and  to  quantitatively 
compare  the  process  with  other  more  widely  applied  welding  processes  now 
used  for  welding  high-strength  alloys.  The  materials  used  for  welding  the 
studies  for  Categories  a,  b,  and  c  were  an  18%  Ni  maraging  steel  of  200-ksi 
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minimum  yield  stress  (in  thicknesses  of  0.  25  and  0,  62  in. ),  180-ksi  minimum 
yield  Trtrers  Wt=4Co-,2SC  "steel  (in  thicknesses  of  0.  25  and  0. 62  in. ),  solu¬ 
tion  treated  and  aged  6A1-4V  titanium  alloy  (0.  25  in.  thick)  and,  to  a  lesser 
extent.  Inconel  Alloy  718  (0.25  in.  thick)  and  Rene'  41  (0.063  in.  thick). 
Category  d  was  evaluated  by  applying  the  results  of  investigations  of  Cate¬ 
gories  a,  b,  and  c  to  produce  girth  welds  in  sist  2 4- in. -diameter  spherical 
pressure  vessels.  Three  of  ihese  spheres  were  C.25-in.-thick  6A1-4V 
titanium  alloy,  and  three  were  0.  50-in. -thick  18%  Ni  200  grade  steel.  The 
welded  vessels  were  inspected  using  normal  nondestructive  techniques,  heat 
treated,  then  hydrostatically  tested  to  failure.  Hydrostatic  pressure  and 
related  strain  gage  data  were  recorded  for  all  tests,  and  acoustical  wave 
emission  measurements  corresponding  to  incremental  flaw  growth  were 
attempted  for  two  burst  tests. 

This  volume  extensively  discusses  methods  and  results  relative  to  pressure 
vessel  fabrication  and  burst  testing,  and  Section  IH  includes  an  updated  dis¬ 
cussion  of  the  comparable  features  of  the  Linde  PT-8  and  Thermal  Dynamics 
U-5T  plasma  arc  welding  torches.  It  is  probably  the  most  relevant  discus¬ 
sion  of  torch  performance  in  this  report  because  it  includes  the  results  of 
some  very  recent  work  with  the  U-5T  that  is  meaningful  in  terms  of  per¬ 
formance  advertised  for  this  torch. 


SECTION  IX 


TECHNICAL  DISCUSSION 


2. 1  GENERAL - 

The  work  accomplished  during  evaluation  of  the  PT-8  and  U-5T  plasma  arc 
welding  torches  for  welding  titanium  and  nickel  alloys  is  described  In  this 
section.  The  major  objective  was  to  determine  the  capabilities  of  these 
torches  for  producing  butt  welds  of  very  high  quality.  The  scope  of  this 
work  comprised  extensive  evaluation  of  specific  plasma  arc  welding  condi¬ 
tions  and  equipment  requirements,  nondestructive  testing  of  welds,  and 
metallurgical  evaluation  of  weld  cross  sections;  further  testing  of  welds 
in  certain  materials  was  accomplished  to  determine  characteristic  tensile 
properties,  precrack  Charpy  impact  properties,  and  low  cycle  fatigue  prop 
erties.  Weld  conditions  data  were  obtained  for  several  different  materials 
during  this  time.  (See  Appendix  I.) 

Two  kinds  of  weldment  configuration  are  important  in  this  work.  The 
simplest  configuration  is  the  straight  seam  butt  weld,  where  the  weld  can 
be  initiated  and  terminated  on  disposable  runoff  tabs;  this  eliminates  the 
arc  start  and  stop  areas  from  the  weldment  proper.  The  more  critical  ~ 
circumferential  type  of  joint  (girth  weld)  must  include  the  weld  arc  start 
and  stop  areas  within  the  weld  deposit,  and  somewhat  different  procedures 
are  usuairy“required  tcrbStain  satisfactory  weld  quality  in  these  areas. 
Plasma  arc  welding  has  been  represented  as  a  significant  advance  in  fusion 
welding  process  technology  for  both  of  these  weldment  configurations, 
particularly  for  material  thicknesses  of  0,  090  in.  and  heavier.  The 
work  reported  emphasized  developing  welding  conditions  for  making  butt 
welds  in  a  simulated  circumferential  weldment  configuration,  because  it 
was  necessary  to  determine  the  practicability  of  girth  welding  spherical 
pressure  vessels.  Where  applicable,  potential  for  making  simulated  cir¬ 
cumferential  welds  in  the  horizontal  welding  position  was  evaluated. 


2.  2  EQUIPMENT  DESCRIPTION 


2.2.1  Plasma  Arc  Welding  Torches 

The  plasma  arc  welding  torches  utilized  for  all  welding  on  this  program 
are  shown  in  Figures  1,  2,  and  3;  Figure  1  provides  a  useful  size  compari 
son.  The  PT-3  torch  was  used  only  very  briefly  at  the  start  of  this  pro¬ 
gram,  before  the  PT-8  became  available. 
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At  the  start  of  the_pragrain,  oneofthe  authorsvisited  the  weldinglabora- 
tory  facilities  of  both  Linde  and  Thermal  Dynamics  for  briefings  on  the 
latest  setup  and  application  procedures  recommended  for  the  PT-8  and 
U-5T  torches.  Two  days  were  spent  with  each  firm;  both  contributed  in¬ 
formation  and  engineering  data  on  torch  design,  operating  principles, 
and  process  applications.  Linde  personnel  supplied  useful  data  cn  welding 
conditions  for  several  materials  and, thicknesses. 

The  PT-8  and  U-5T  torches,  as  they  appear  in  Figures  2  and  3,  represent 
the  August  1967  state  of  the  art  (of  the  United  States)  in  transferred-arc 
plasma  welding  torches  made  for  plate  thickness  welding.  The  electrical 
circuit  difference  between  a  transferred  ahda  nontransfer  red  arc  torch 
i3  illustrated  in  Figure  4.  The  nontransferred  arc  generally  delivers 
larger  quantities  of  heat  to  the  orifice  (which  is  really  the  anode)  than  a 
transferred  arc  and  it  has  not  been  developed  practically  to  yield  a  plasma 
configuration  satisfactory  for  keyhole  mode  welding  in  plate  thickness 
material. 

■ 

The  PT-8  and  U-5T  plasma  torch  designs  utilize  tungsten  bodies  for  the 
negative  electrode  element,  (cathode),  and  water-cooled  copper  bodies  for 
the  orifice  element  that  forms  the  plasma  stream.  Both  torches  utilize 
the  inner  orifice  wall  as  a  high-voltage /high-frequency  current  conductor 
during  the  arc  Btarting  intervaL  The  plasraa  arc  is  started-as  a  low-current 
discharge  between  the  electrode  and  the  orifice  wall,  which  then  changes 
to  the  transferred-arc  mode  as  the  ionized  gas  created  by  the  pilot  arc  is 
-awept~(by^he~arificre~gas'flow)'ifttS'tHe^ 

the  electrode  and  work  piece.  One  difference  between  the  two  torches  is  the 
magnitude  of  the  low-current  (pilot  arc)  discharge  used  to  initiate  the  plasma 
arc.  The  PT-8  pilot  arc  operates  at  less  than  5  amp;  the  U-5T  operates 
at  about  20  amp.  Due  to  the  inherent  potential  for  arc  power  losses,  the 
U-5T  employe  a  switching  setup  to  deenergize  the  pilot  arc  circuit  and 

thereby  electrically  neutralize  the  orifice  after  the  plasma  arc  is  estab-  _ 

lished.  Although  normal  operation  of  the  PT-8  does  not  require  that  the 
orifice  be  electrically  neutral,  it  was  simpler  for  this  program  to  connect 
the  pilot  arc  circuit  as  shown  in  Figure  5.  An  industrial  induction-motor 
starter  relay  is  employed  to  open  the  pilot  arc  circuit  at  a  preset  time 
after  plasma  arc  ignition.  With  this  arrangement,  the  time  interval  of 
pilot  arc  circuit  continuity  for  starting  the  plasma  arc  from  either  torch 
can  be  optimized.  A  simple  knife  switch  is  employed  to  connect  the  plasma 
arc  starting  high-frequency  generator  circuit  with  the  orifice  of  the  torch 
being  used  for  welding. 


Alignment  of  the  electrode  within  the  plasma-forming  orifice  is  important 
fo  r  conststent-pl*sma.-are  staTting“anii  for  symmetry  of  the  velocity  prov 
file  across  the  plasma  arc.  Proper  alignment  consists  of  two  steps: 

(1)  setting  the  electrode  the  correct  distance  inside  the  orifice  {electrode 
setback),  and  (2)  centering  of  the  electrode  within  the  orifice. 


The  PT»8and  U-5T  utilize  somewhat  different  componentforms  to  develo 
and  shape  the  plasma  arc.  One  result  of  this  is  a  difference  in  the  recotn 
mended  ranges  of  plasma  (orifice)  gas  flow.  Figure  6  illustrates 
the  significant  configuration  differences,  and  the  idealised  inert  gas  flow 
patterns  characteristic  of  each.  The  minimum  and  maximum  factory- 
recommended  orifice  gas  flow  levels  are  shown  in  Table  I  for  each  torch, 
along  with  other  procedural  data. 


Table  I.  Orifice  Gas  Flow  Levels, 


CFH 


Material 


Weld 

Current 

(amp) 


Weld 

Speed 

^Pm> 


FT-8  (Linde  Process  Manual) 


Minimum  flow 


Maximum  flow 


7.  5 

70/30  brass 

0. 080  in.  thick 

140 

27 

Titanium,  1.  00 

...  _ 250 _ 

in.  thick  (0.44 
Root  Land,  60° 
included  angle. 

21 


5.-2 


U-ST.  (Thermal  Dynamics  U-5T  Torch  Manual) 


Minimum  flow 

2 

304, stainless 
steel,  0.125  in. 
thick 

150 

15 

Maximum  flow 

4 

304  stainless 

1  3511  J 

9 - 

steel,  0.375  in. 
thick 

No  attempt  was  made  to  verify  these  conditions  because  they  did  not 
directly  apply  for  the  materials  and  thicknesses  specified  in  this  program 


2.  2,  2  Plasma  Gas  Control  System  _  _  _ 

Early  in  the  program  it  became  apparent  that  a  plasma  gas  control  system 
capable  of  producing  satisfactory  welds  with  either  torch  was  an  urgent 
necessity,  but  program  funding  did  not  provide  for  its  procurement.  Al¬ 
though^  built-in  plasma  gas  control  was  included  in  the  program  control _ 

power  supply  used  for  this  work  (Linde  Missile  Maker,  SN  17),  the  system" 
was  severely  limited  in  gas  mixing  capability,  and  accurate  flow  control  of 
orifice  gas  at  the  very  low  rates  recommended  by  the  manufacturer  for  the 
U-ST  was  not  passible.  In  addition,  existing  copper  tube  joints  could  not  be 
sealed  to  completely  eliminate  gas  leakage;  plasma  gas  contamination  with 
air,  apparently  by  a  boundary  layer  reverse  flow  mechanism  (Reference  10), 
was  found  to  be  present.  Four  attempts  were  made  to  temporarily  modify  ' " 
this  built-in  system,  but  none  of  the  modifications  performed  satisfactorily. 

A  completely  new  plasma  gas  control  system  was  designed  and  fabricated 
with  components  common  to  the  old  system.  The  manufacturer’s  torch  op¬ 
erating  parameters  and  service  requirements  were  used  to  establish  weld 
sequence  timing  provisions  and  inert  gas  flow  range  limits.  This  sys¬ 
tem  was  laid  up  on  a  large  plywood  board,  as  shown  in  Figure  7.  The 
plumbing  and  electrical  schematics  of  the  gas  flow  control  functions  are 
included  as  Appendixes  H  and  Ill. 

The  system  was  electrically  integrated  with  the  programming  module  of 
the  weld  power  supply.  The  important  operating  characteristics  of  this 


Z.  2. 2. 1  Gas  Flow  Functions 

^  major  objective  of  using  this  system  was  to  obtain  a  range  of  gas  flow 
metering  that  included  the  extreme  limits  of  flow  recommended  for  either 
-torcfer  Accuracy  was  also  important;  to  ensurethat  gas  flow  rates  were 
accurate,  the  flowmeters  to  be  employed  for  plasma  (orifice)  gas  metering 
were  subjected  to  flow  calibration  by  a  certified  engineering  laboratory. 
Certification  sheets  were  obtained  with  flow  curves  for  each  flowmeter, 
included  as  Appendix  IV,  which  indicate  th<v  the  absolute  accuracy  of  the 
calibrated  flowmeters  at  any  point  on  the  flow  curve  was  within  0. 02%  of  the 
total  flow  range.  The  flow  settings  data  repo, died  in  this  program  are  con¬ 
servatively  estimated  as  being  accurate  to  -  0.  3%  of  full  flow  range. 

The  flowmeters  were  mounted  at  eye  level  m  the  aluminum  frame  (shown 
in  Figure  3)  mounted  on  the  board  (Figure  7).  The  eye  level  position  was 
selected  to  minimize  errors  in  float  setting  dv«»  to  parallax.  To  set  flow 


rat®,  the  top_  of  the  _3pher ical  floit  was.  aligned- with  the  desired  graduation 
on  the  tube,  The  gas  flow  ranges  obtainable  with  this  arrangement  were 
as  follows: 

Argon  orifice  gas 

Bypass  gas  flow  —  0.  46  to  7.  39  cfb  (FM-1). 

Keyhole  gas  flow  --  0.46  to  45.32  cfh  (FM-1,  -2,  and  -3). 
Argon  shield  gas  flow  —  0  to  160  cfh  (FM-6). 

Helium  orifice  gas 

Bypass  gas  flow  --  0.  28  to  4.  90  cfh  (FM-4). 

Keyhole  gas  flow  —  0.  28  to  22.  96  cfh  (FM-4  and  -5). 

Helium  shield  gas  flow  --  0  to  230  cfh  (FM-7). 

Hydrogen  orifice  gas 

-  - . —  -  Bypass  gas  flow  --  0,  16  to  2.  71  cfh  (FM-4).  - . . .  - . . . - 

Keyhole  gas  flow  --  0.  16  to  17. 13  cfh  (FM-4  and  -5).  I 

Micrometer  thimble  needle  valves  were  used  to  allow  stepless  adjustment 
of  orifice  gas  upslope  and  downslope  intervals.  These  units  provided  the 
following  ranges  of  interval  control,  within  the  indicated  repeatability 
tolerance: 

a-  Upslope  of  orifice  gas  from  bypass  to  keyhole  flow  level, 

2.  0  to  97.  0  sec;  repeatability  accurate  to  +  6.  5  sec 
(by  stopwatch). 

b.  Downslope  of  orifice  gas  from  keyhole  to  bypass  flow  level, 

5.  0  to  150  sec;  repeatability  accurate  to  +  0,  5  sec  (by 
stopwatch). 

Figure  9  illustrates  a  characteristic  gas  flow  downslope  curve  for  this 
system.  The  linearity  in  gas  flow  decay  with  time  is  retained  over  a  wide 
range  of  downslope  intervals. 


2.  2.  2.  2  Orifice  Gag  Flow  Slope  Timing  . . . . . . . 

The  start  of  orifice  gas  upsiope  could  be  delayed  by  a  timer  for  periods  up 
to  30  sec  after  the  arc  had  been  started.  The  downslope  of  orifice  gas 
started  immediately  when  the  automated  weld  stop  cycle  was  initiated;  the 

downslope  of  weld  current,  travel  speed,  and. wire  feed  speedcduldfee _ 

delayed  by  timers  for  periods  up  to  30  sec  after  the  automated  weld  stop 
cycle  had  been  initiated.  These  functions  sloped  together  because  their 
generators  were  connected  to  the  same  rate  control.  Wire  feed  and  weld 
travel  could  be  stopped  automatically  by  timers  before  the  arc  was  extin¬ 
guished  to  allow  gradual  reduction  of  puddle  size  by  cur  rent  downslope 
to  control  weld  crater  cracking(for  simulated  circumferential  welds). 
These  functions  were  repeatable  within +  0.  5  sec. 


2.  2.  2.  3  Gas  Mixing  Functions 

Gas  mixing  could  be  accomplished  by  making  appropriate  changes  in  the 
solenoid  sequence  switches;  these  switches  (14)  are  mounted  on  a  panel  in  the 
upper  left  center  of  the  board  of  Figure  7.  Gas  flow  control  was  arranged 
so  that  the  orifice  and  shield  gas  circuits  were  purged  at  abnormally  high 
flow  rates  with  pure  argon  prior  to  arc  ignition,  and  the  arc  was  always 
started  in  pure  argp.n  ga6;jrnixing  could  be  delayed  by  a  timcr  for  intcrvals 
of  up  to  30  sec  after  the  arc  was  started.  Mixing  gradually  proceeded  to 
desired  proportions  according  to  a  slope -up  rate  preset  by  needle  valves  in 
Jmtkoxifice-andahieldgasciicuits-; — it  w a  s  ~£o und  To  -be  helpful Toslope  up 
helium  or  hydrogen  gas  in  both  the  orifice  and  shield  gas  circuits,  because 
sudden  mixing  (by  a  solenoid  valve)  was  accompanied  by  a  gas  flow  surge 
which  sometimes  extinguished  the  plasma  arc.  Using  this  system,  either 
hydrogen  or  helium  could  be  mixed  with  argon.  The. gas  mixture  propor¬ 
tions  obtainable  depended  to  some  extent  on  the  total  orifice  gas  flow  de¬ 
sired;  however,  it  was  possible  to  obtain  accurate  mixtures  of  up  to  90% 
helium  --  10%  argon  at  total  orifice  gas  flow  rates  as  low  as  4.  6  cfh.  In 
using  mixtures  of  hydrogen  with  argon,  the  1%  to  il%  hydrogen  range  for 
orifice  gas  composition  had  been  suggested  for  nickel  base  alloys  (Ref¬ 
erence  6);  with  this  system,  hydrogen  could  be  mixed  with  argon  at  a  mini¬ 
mum  hydrogen  content  of  4%,  at  a  total  orifice  gas  flow  rate  as  low  as 
0.  48  cfh. 


2.  2.  3  Weld  Program  Control  Power  Supply 

The  welding  power  supply  employed  for  this  program  is  illustrated  in 
Figure  10  (Linde  Missile  Maker,  SN17).  It  is  basically  a  constant-current 
power  source  and  is  capable  of  producing  a  maximum  current  of  275  amp 
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Figure  10.  Front  Panel  and  Pendant  Cpntrol  Panel,  Linde  Missile  Maker  No. 


at  about  37  arc  volts.  Higher  currents  were  available  with  lower  load 
voitages  at  a  maximum  power  output  of  about  10  kw.  Maximum  current  was 
urn  e  on  this  power  supply  because  the  power  transformer  whs  altered 
prior  to  this  contract  to  provide  better  regulation  at  very  low  weld  cur- 

11  stafln8was  62  vdc  regardless  of  start  current  netting.  Figure  11 
illustrates  the  correlation  between  the  weld  current  control  potentiometer 
setting  and  output  current  for  this  machine;  the  da*a  for  this  plot  were 
obtained  using  the  U-5T  torch.  The  current  control  automatically  maintains 
weld  current  at  a  preset  level  within  +  3  amp. 


This  machine  is  capable  of  automatically  reproducing  weld  programs  with 
satisfactory  accuracy.  The  weld  program  for  any  welding  task  is  neqes-V 
sarily  divided  into  four  basic  intervals  by  the  programming  module  arrange¬ 
ment:  preflow  interval,  hot  start  interval,  weld  interval,  and  crater  fill 
interval.  The  new  plasma  gas  control  system  is  electrically  integrated 
with  the  program  control  module  so  that  all  essential  plasma  arc  welding 
functions  are  coordinated  and  repeatable.  {Appendix  V  illustrates  the  pro¬ 
grammed  sequence  of  events  in  a  standard  keyhole  mode  plasma  arc  weld, 
produced  with  this  machine.)  . . . 


2.2.4  Trailing  Shield  Considerations 

-The-PT  ^8  and  'lJ-'ST'T0rche a  produced-  a  'keyhole  "mode  weiS^without  aug^- 
mented  inert  gas  shielding  of  the  weld  puddle  area,  but  oxidation  of  the 
weld  area  was  generally  seyere  when  using  only  the  shielding  gas  coverage 
provided  by  the  standard  torch  components.  Early  in  the  program,  a  suit- 
able  trailing  shield  for  titanium  welds  was  developed  (Figure  12);  it  was 
dragged  along  the  surface  of  the  work  by  the  torch,  which  contacted  the 
shield  only  at  points  on  the  transparent  electrical  insulator.  The  trans¬ 
parent  insulator  was  employed  because  it  was  necessary  to  observe  the  weld 
in  progress,  and  because  it  was  vital  for  arc  starting  to  electrically  isolate 
t  e  torch  from  the  shield.  It  developed  that  the  minimum  space  between 
t  e  torch  and  the  shield  should  be  3/8  in, ,  to  prevent  undesirable  arcing  to 
the  shield  during  plasma  arc  starting.  The  Pyrex  glass  insulator  material 
performed  satisfactorily  when  handled  with  care.  This  shield  purged  to  an 
inert  gas  purity  satisfactory  for  keeping  titanium  welds  bright  silver,  in 
1  min  at  200  cfh  argon  flow.  It  was  satisfactory  for  welding  l/4-in,-thick 
titanium  at  speeds  up  to  14  ipm;  some  discoloration  developed  on  welds 
in  this  material  at  a  travel  speed  of  18  ipm.  This  shield  was  about 
11-1/2  in.  long. 
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Figures  13  and  14  illustrateunsuecessful  trailing  shield-configurations. 
The  Figure  13  configuration  shielded  effectively  but  the  insulator  fused 
where  plasma  backstreaming  from  the  keyhole  impinged;  this  caused  early 
f&'lure  of  the  insulator.  The  Figure  14  configuration  did  not  provide  con* 
sistent  shielding. 


2.  2.  5  Weld  Fixture  Considerations 

The  weld  fixture  employed  for  all  straight  seam  welds  on  this  contract  is 
shown  in  cross  section  in  Figure  15,  This  fixture  purged  to  satisfactory 
inert  gas  purity  in  1  min  at  100  cfh  argon  flow.  The  steel  bars  that  formed 
the  sides  of  the  backup  groove  could  be  adjusted  to  provide  different  groove 
widths  to  vary  tool  heat  absorption  effects.  The  copper  backing  plate 
effectively  prevented  the  floor  of  the  groove  from  being  eroded  by  the  plas¬ 
ma  flame  protruding  through  the  keyhole.  Properly  adjusted  plasma  flame 
impinged  directly  an  the  copper  plate;  however,  no  measurements  were 
made  to  determine  whether  an  effective  parallel  current  path  existed  with 
this  arrangement.  Figures  16  and  17  illustrate  this  fixture  setup  for  flat 
and  horizontal  position  welds. 


-2,-3  -  WELDING  INVESTIGATIONS  AND  RESULTS  — . 

2,  3. 1  Titanium  6A1  - 4 V  Plate,  Nominally  0.25  in.  Thick 


2.  3.  1.  1  Initial  Keyhole  Mode  Weld  Procedure  Development 

Initial  welding  comprised  examining  welding  conditions  for  flat  position 
s ingle  pass  keyhole  mode  welds  with  both  torches,  primarily  to  determine 
the  compatibility  problems  between  the  new  torches  (PT-8  and  U-5T)  and 
the  Aerojet  welding  equipment  and  tooling.  It  was  found  that  65  psi  was 
not  enough  coolant  inlet  pressure  for  the  U-5T  torch,  but  a  125-psi  Ther¬ 
mal  Dynamics  pump  satisfactorily  solved  this  problem.  Unsatisfactory 
low-range  orifice  gas  flow  control  indicated  a  need  for  an  improved  plasma 
gas  systems  however,  a  temporary  setup  incorporating  a  flowmeter  recom¬ 
mended  by  Thermal  Dynamics  was  used  to  make  a  number  of  welds.  De¬ 
velopment  of  an  efficient  trailing  shield  compatible  with  both  torches  was 
initiated.  This  and  later  work  on  Inconel  718  showed 'conclusively  that,  to 
be  positively  effective. .in  excluding  air  from  the  top  bead  surface  of  the 
weld,  the  shield  must  enclose  the  torch  end  in  the  manner  of  the  shroud- 
type  shield  illustrated  in  Figure  12. 
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Figure  11.  Output  Current  Range  and  Regulation,  Linde- 
Missile  Maker  No.  17. 


mm#* 


TOP  V!EW 


0.5SX  BOTTOM  VIEW 

Figure  12.  Shroud-Type  Trailing  Shield 
Configuration  of  Proven  Performance, 
Showing  Pyrex  Glass  Torch-To-Shield 
Insulator. 
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After  solutions  for  torch  compatibility  and  shielding  problems  had  been 
initiated,  emphasis  was  placed  on  evaluating  welding  procedures  for  single 
pass  keyhole  mode  welds  without  the  addition  of  cold  filler  wire,  utilizing 
the  existing  equipment.  Comparable  weld  conditions  for  the  two  torches 
were  not  found  in  the  manufacturer's  literature.  Therefore,  limited  ex¬ 
ploratory  welding  was  performed  to  determine  starting  point  conditions . 

Weld  travel  speed  was  maintained  at  6  ipm  initially  and  orifice  (plasma)  gas 
flow  and  arc  current  were  adjusted  as  necessary  to  establish  reasonably 
stable  keyhole  welding  conditions.  Welding  was  performed  on  titanium 
plate  cleaned  in  3%  HF/40%  HNO3  solution,  then  wiped  with  alcohol  just 
before  welding;  welds  were  keyholed  into  plate  without  a  machined  butt 
joint.  The  more  important  results  of  this  first  work  are  illustrated  in 
Figures  18  through  22. 

The  effects  of  variations  in  torch-to-work  distance  (standoff)  using  both 
torches  at  a  common  travel  speed  of  6  ipm  are  shown  in  Figure  18.  Stand¬ 
off  variations  in  the  range  from  1/8  to  1/4  in.  did  hot  seriously  alter  the 
quality  or  configuration  of  weld  top  or  root  bead  surfaces,  although  no  single 
pass  keyhole  mode  welds  were  made  in  0.25-in. -thick plate  that  were  complete 
ly  free  of  top  bead  underfill.  The  principal  effect  of  standoff  increases  (in 
this  range)  was  to  diminish  the  keyholing  force  of  the  plasma  arc.  Heat- 
affected  zone  width  was  reduced  as  standoff  was  reduced  from  1/4  to  .1/8.. 
ih.'v“  without" significant  change  in  fusion  zone  size.  ~ 


Pure  argon  is 


Figure  19.  Use  of  helium-argon  mixtures  for  orifice  gas  produced  a  more 
diffuse,  less  penetrating  plasma  arc  and  somewhat  wider  fusion  and  heat- 
affected  zones  than  pure  argon  at  6  ipm  travel  speed. 


Effects  of  limited  variations  in  travel  speed  are  shown  in  Figure  20. 
Increases  in  travel  speed  required  corresponding  arc  current  increases, 
resulting  in  reduced  fusion  and  heat-affected  zone  widths. 


In  efforts  to  develop  an  effective  trailing  shield,  some  0.  125-in.-thick 
material  was  welded  to  minimize  the  consumption  of  more  expensive 
0.  25-in. -thick  plate.  The  welds  illustrated  in  Figure  21  were  produced 
using  the  FT-8  torch;  this  illustrates  that  severity  of  top  bead  underfill 
moderately  increases  with  material  thickness  in  keyhole  mode 
welds. 

The  production  of  satisfactory  keyhole  mode  welds  in  square  butt  joints 
requires  that  the  keyhole  be  centered  in  the  butt  joint  to  melt  both  plate 
edges,  with  some  tolerance  for  error  in  tracking  alignment  of  the  keyhole 
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PT-S  TORCH,  136-M  ORIFICE 


T1A1-33,  3/16  IN.  STANDOFF  - 

T 1A1  -33, 1/4  IN.  STANDOFF  — 
0-5T  TORCH,  1/8  IN.  ORIFICE 
T1A1-13,  1/8  IN.  STANDOFF  - 

T1A1-13,  3/16  IN.  STANDOFF  - 


T1AM3,  1/4  IN.  STANDOFF  - 
U-5T  TORCH,  1/16  IN.  ORIFICE 
T2A1-1,  1/8  IN.  STANDOFF  - 


T2A1-1,  3/16  IN.  STANDOFF  - 


T2A1-1,  1/4  IN.  STANDOFF  ~ 


1009-J-E-l 

Figure  18.  Effects  of  Torch  Standoff  Distance  on  Plasma  Arc  Welds  in 
0.  260-in. -Thick  Mill-Annealed  Titanium  6A1-4V  Plate,  Single  Pass 
Flat  Position  Welds,  No  Filler  Wire  Addition,  as  Welded, 


PT-8  TORCH 


T1A1-5,  136-M  ORIFICE, 

75  HELIUM  -25 
ARGON  ORIFICE  GAS, 

132  AMP,  1/8  IN.  STANDOFF, 
71PM 


T1A1-7,  136-M  ORIFICE, 

PURE  ARGON  ORIFICE 

GAS,  140  AMP,  1/8  IN.  STANDOFF, 

7  IPM 


aoos-a-Q-i 

Figure  19.  Single  Pass  Flat  Position  Plasma  Arc  Welds  in  0.  250-in. -Thick 
Mill-Annealed  Titanium  6A1-4V  Plate,  No  Filler  Wire  Added,  as- 
Welded,  Showing  Effects  of  2  Different  Orifice  Gases  on  Weld 
Fusion  Zones  and  Heat-Affected  Zones. 


Figure  20.  Effects  of  Weld  Travel  Speed  on  Plasma  Arc  Welds  in 
0,  250-in.-Thick  Mill-Annealed  Titanium  6A1-4V  Plate, 

Single  Pass  Flat  Position  Welds,  No  Filler  Wire  Addition, 

as-Welded. 


jooj-s-o-1 
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Figure  El.  Flat  Position  Keyhole  Mode  Plasma  Arc  Welds 
Various  Thicknesses  of  6A1-4V  Titanium,  illustrating 
Weld  Root  Head  and  Crown  Configuration. 
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PT-8  TORCH 


T2A1-3,  136-M  ORIFICE 


8X 


HNO3/HF  ETCH 


*0#”2~A*,g'\gure  22.  Single  Pass  Flat  Position  Plasma  Arc  Welds  in0.2SQ-in.- 
Thick  Mill- Annealed  Titanium  6A1-4V  Plate  Made  with  Different 
Torch  Orifices,  No  Filler  Wire  Added,  as-Welded. 
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on  the  joint  line.  The  PT-8,  using  the  136-M  orifice  insert,  produced  a 
weld  with  a  minimum  fusion  zone  (root  bead)  width  of  about  1/8  in.  in  this 
material,  which  was  satisfactory  if  the  joint  tracking  alignment  of  the  torch 
was  maintained.  Although  narrower  weld  fusion  and  heat-affected  zones 
were  obtained  using  the  U-5T  with  1/16-  and  3/32-in,  orifice  tips,  the  mini¬ 
mum  fusion  zone  width  yielded  by  these  orifices  was  also  narrower;  this 
reduced  the  tracking  alignment  tolerance.  Figure  22  illustrates  welds  made 
at  6  ipm  for  comparing  minimum  fusion  zone  (root  bead)  widths.  The 
U-5T  torch  could  produce  a  root  bead  over  0.  10-in.  wide  when  the  1/8-in. 
orifice  tip  was  used,  but  the  resulting  weld  top  bead  and  heat-affected 
zones  were  slightly  wider  than  comparable  areas  in  welds  made  with  the 
PT-8  at  the  same  weld  speed. 


The  keyhole  initiation,  overlap,  and  withdrawal  areas  were  initially  con¬ 
sidered  as  separate  elements  of  the  weld.  Efforts  were  concentrated  on 
evaluating  various  methods  for  starting  the  keyhole  to  determine  where 
emphasis  should  later  be  placed.  A  critical  review  of  keyhole  initiation 
techniques  for  circumferential  plasma  arc  welds  was  not  found.  Therefore, 
to  clarify  an  area  of  uncertainty,  first  efforts  were  concentrated  on  simul¬ 
taneously  starting  the  arc  and  the  keyhole  from  a  dead  stop.  It  was  not 
possible  to  produce  a  keyhole  from  a  standing  start  without  exceeding  the 
20%  maximum  weld  width  variation  specified  in  Appendix  VI.  Itwas  alsodemoa- 
8tr^feed-tha±ii“-for-overlap-weld8v^be  keyhole' can“e'3diibif  inconsistency  in  " 
penetrating  the  thickened  weld  path  area  that  frequently  results  from  weld 
metal  displacement  at  the  point  to  keyhole  initiation.  -  Use  of  a  drilled  hole 
ia'''Sta'rt''tKe’'k^yhol'e-dl3'hbt  efie~ctively  reduce  weld  start  width  or  weld  metal 
buildup  (see  Figures  23,  24,  and  25).  Therefore,  work  on  the  standing 
start  keyhole  initiation  technique  was  stopped,  and  traveling  keyhole  ini¬ 
tiation  procedures  were  evaluated  for  ability  to  be  welded  over  by  a  key¬ 
hole  pass  without  causing  quality  problems.  A  satisfactory  procedure  was 
developed  and  most  starts  obtained  from  this  procedure  were  sound.  How- 
ever.  occasionally  plasma  gas  entrapment  caused  internal  voids  of  various 
lengths.  It  was  found  that  these  voids  could  be  welded  over  with  a  keyhole 
and  consistently  eliminated.  Therefore,  the  occurrence  of  voids  in  the  weld 
start  area  was  not  considered  to  be  a  serious  problem. 


2.  3.  1.  2  Development  of  Procedures  for  Circumferential  Welds 

The  methods  used  to  evaluate  keyhole  mode  welding  conditions  for  circum¬ 
ferential  butt  joints  in  6A1-4V  titanium  were  oriented  toward  development 
of  quality-optimized  welding  procedures.  Therefore,  it  was  necessary 
to  first  define  the  process  variables  that  might  significantly  affect  the 
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Plasma  Arc  Weld  Start  Procedure  Evaluation  Sample,  0. 250-tn.-Thick 
Titanium  6A1-4V  Plate,  0.  15&-in.-biameter  Start  Hole,  PT-8  Torch 
Argon  Orifice  Gas*  136-M  Orifice. 


r"  not  reproducible 


LACK  OF  FUSION  AT  DRILLED 
START  HOLE 

U-5T  TORCH,  TU1-25-4,  IS, 
1/1S  IN.  ORIFICE 


COLD  LAP 

- PT-6  TORCH,  T1A1-18-S,  II, 


136 -M  ORIFICE _ 


GAS  ENTRAPMENT 

U-ST  TORCH,  T1A1-30-S,  13, 
a/32  IN.  ORIFICE 


PT-8  TORCH,  T1A1-30-S,  13, 
136-44  ORIFICE 

EXCESSIVE  MELT  THROUGH 

U-ST  TORCH,  T1A1-29-S,  #2, 
3/32  IN.  ORIFICE 


T*T-3  TORCH  ,T1  A1  -22-5,12, 

13S-M  ORIFICE _ 


HNO3/HF  ETCH 


SSM-2-V-* 


Figure  25.  Longitudinal  Cross  Sections  of  Plasma  Arc  Weld  Start  Areas 
Illustrating  the  Types  of  Defects  That  Can  Occur  in  Keyhole  Initiation 
Areas  When  a  Standing  Start  Technique  is  Employed.  (Single  Pass 
Flat  Position  Weld  in  0.  250-in. -Thick  Mill-Annealed  Titanium 
6A1-4V  Plate,  No  Filler  Wire  Added,  as-Welded. ) 
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quality  of  this  kind  of  weld.  Initial  v.ork  suggested  that  the  following  -  . 

variables  could  affect  quality  in  both  the  steady-state  weld  and  keyhole 
withdrawal  areas: 

Torch  configuration 

PT-8  Orifice  diameter 

Single  or  multiport  orifice 
Electrode  setback 
Electrode  point  configuration 

U-5T  Orifice  diameter 

Electrode  setback  . 

Electrode  size 

Torch  standoff  distance 

Weld  current 

Weld  travel  speed' 

Orifice  gas 

Orifice  gas  flow 

•Shield  gas  - - — - * - - - — — - * — ' 

Shield  gas  flow 

Material  thickness  {and  liquid  phase  characteristics) 

Orifice  gas  flow  downslope  rate 
Weld  current  downslope  rate 
Minimum  weld  current  level  (during  downslope) 

Weld  travel  speed  downslope  rate 

Time  phasing  of  current  and  travel  downslope  relative  to 
orifice  gas  flow  downslope 

Weld  tooling  configuration 
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A  review  of  potentially  suitable  statistical  methods  for  evaluating  the  relative 
influences  of  this  array  of  variables  na  weld  quality  suggested  the  use  of  a 
factorial  experiment  design.  However,  it  was  found  that  a  full  factorial 
experiment  for  evaluating  the  main  effects  and  interactions  of  the  listed  vari¬ 
ables  would  require  more  than  16,  000  tests.  The  same  kind  of  experimental 
design  for  7  variables  required  123, treatment  combinations  at  10  replications 
each,  for  a  total  of  1,280  tests.  Because  of  uncertainty  as  to  the  limits  to  be 
applied  on  the  evaluation  range  for  each  variable,  statisticians  could  not 
guarantee  that  such  a  7~vari&ble  experimental  design  would  provide  sufficient 
data  to  define  a  keyhole  overlap  and  tail -off  procedure  capable  of  producing 
acceptable  weld  quality  in  these  areas  consistently.  Statistical  experimental 
designs  of  this  nature  were  not  originally  a  part  of  this  work;  practical  limits 
existed  on  the  relative  amount  of  weld  testing  that  could  be  devoted  to  this 
work* !  and  these  kinds  of  statistical  experimental  designs  were  therefore  not 
employed  in  optimizing  keyhole  overlap  and  tail-off  procedures. 


At  this  point  it  was  clearly  necessary  to  substantially  reduce  the  number  of 
variables  to  be  studied  in  developing  keyhole  overlap  and  tail-off  procedures. 
Each  torch  was  restricted  for  further  work  to  a  single  combination  of  elec¬ 
trode,  orifice,  and  electrode  setback.  Standoff  distance  and  weld  tooling 
configuration  were  fixed.  Limited  weld  testing  was  then  undertaken  to  define 
A  range  of  steady-state  welding  speeds  with  reasonable  potential  for  producing 
satisfactory  quality  in  keyhole  overlap  and  keyhole  withdrawal  areas.  Elat  -  - 
'position  square  butt  welds  were  produced  in  0.  26-in, -thick  mill  annealed 
6A1-4V  titanium  plate;  arc  current,  orifice  gas  flow,  and  shield  gas  flow 

ware  ad  justed  to  produce  n^strone...  sta ble-kevhole  at-weld  speeds-of  -6T-12, - 

and  18  ipm.  In  these  tests,  the  criterion  for  a  strong  keyhole  was  that  the 
residual  plasma  flame  protruding  through  the  keyhole  impinge  on  the  copper 
floor  plate  of  the  fixture  (1  in.  away)  without  loss  in  flame  diameter.  This 
work  and  all  subsequent  welding  on  this  contract  was  accomplished  using  the 
multifunction  gas  control  illustrated  in  Figure  7  and  the  trailing  shield  shown 
in  Figure  12. 


Welds  made  at  6,  12,  and  18  ipm  under  stable  keyhole  conditions  were  free 
of  defects  except  that  all  specimens  exhibited  degrees  of  top  bead  underfill 
at  both  fusion  zone  edges.  It  is  probable  that  welding  speeds  above  18  ipm 
are  practical  for  this  material  and  thicknesses  on  straight  seam  joints,  but 
at  18  ipm,  290  amp  were  necessary  to  achieve  a  stable  keyhole  using  the 
PT-8  torch.  This  is  above  the  250-amp  limit  suggested  for  this  torch  and 
orifice  in  Reference  6,  although  no  orifice  damage  was  detected  after  the 
relatively  short  weld  specimens  {24  in. )  used  in  this  test  series  were 
completed. 
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After  satisfactory  steady-state  keyhole  conditions  were  eatablir\ed  with  each 
torch  at  the  three  weld  speeds,  overlap  and  keyhole  withdrawal  procedures 
were  evaluated.  A  simulated  circumferential  weld  joint  configuration  was 
used;  this  comprised  a  square  butt  joint  24  in.  long  in  which  the  first  keyhole 
weld  was  initiated  in  the  center  of  the  joint  (using  a  programmed  start  cycle) 
and  carried  to  the  end  of  the  plate  where  it  was  terminated  with  a  rapid  slope- 
down  cycle.  A  second  keyhole  weld  was  then  started  at  the  opposite  end  of 
the  plate  using  a  short  keyhole  start  cycle,  carried  toward  the  start  of  the 
first  weld  and  over  it,  then  sloped  down,  using  a  controlled  keyhole  with¬ 
drawal  program  to  simulate  the  keyhole  closeout  in  a  circumferential  weld 
joint. 

It  was  found  that  it  was  possible  to  weld  over  keyhole  initiation  areas  without 
loss  of  the  keyhole  at  all  three  welding  speeds.  The  root  bead  (or  melt-thru) 
protruded  from  the  plate  surface  more  in  the  overlap  area  than  in  steady  weld 
areas  because  even  the  running  keyhole  initiation  procedure  leaves  a  thickened 
area  where  the  keyhole  first  appears.  Root  bead  protrusion  effects  were 
greater  in  welds  made  with  the  U-5T  torch. 

The  consistent  production  of  a  defect-free  keyhole  withdrawal  area  was  the 
major  problem  encountered  in  developing  circumferential  welding  procedures 
for  6A1-4V  titanium.  Two  weld  quality  features  were  important  in  this 
problem:  (1)  there  was  always  an  area  of  combined  underfill  and  localized 
concavity  on  the  top  bead  surface  where  the  keyhole  ceased  to  penetrate  the 
plate  (keyhole  withdrawal);  and  (2)  plasma  gas  entrapment  in  the  form  of 
closed,  irregularly  shaped  subsurface  voids  was  found  at  points  along  the 
-wel4from--3/8toI -l/2in.-afterkeyhale-withdrawaloccurred.  Typical 
X-rays  of  void-free  and  void-containing  keyhole  withdrawal  zones  are  shown 
in  Figure  26.  Although  limited  welding  was  accomplished  at  18  ipm,  the 
severity  of  the  top  bead  concavity  and  underfill  at  the  keyhole  withdrawal 
point  was  such  that  satisfactory  coverage  of  this  area  with  a  second  weld  was 
judged  to  be  impractical  using  a  constant  filler  wire  feed  rate.  Therefore, 
work  on  18  ipm  keyhole  withdrawal  procedures  was  discontinued  and  effort 
was  concentrated  on  12-ipm  procedures  because  both  6-  and  12-lpxn  condi¬ 
tions  yielded  top  bead  contours  that  could  be  satisfactorily  removed  with  a 
second  or  cosmetic  weld  pass. 

At  the  point  in  this  program  when  the  weld  variables  influencing  keyhole 
withdrawal  quality  were  being  studied,  the  U-5T  torch  began  to  exhibit  incon¬ 
sistent  arc  force.  This  effect  essentially  invalidated  previous  weld  procedure 
development  work.  While  Thermal  Dynamics  personnel  were  evaluating  this 
problem,  weld  testing  was  accomplished  only  with  the  PT-8  torch. 
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— VOID  IN  KEYHOLE  WITHDRAWAL  AREA,  SINGLE  PASS  WELO 


X-RAY  CLEAR  KEYHOLE  WITHDRAWAL  AREA  AFTER  WIRE  COVER  WELD 

Figure  26.  X-rays  of  Keyhole  Withdrawal  Areas  in  0,  250-in. -Thick 

6A1-4V  Titanium  Plate. 
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Additional  procedure  development  welding  indicated  the  weld  variables  that 
have  greatest  influence  on  the  quality  pi  the  keyhole  withdrawal  zona-axe 

a.  Orifice  gas  flow  downslope  rate. 

b.  Time  phasing  of  weld  current  downslope  following 

initiation  of  orifice  gas  flow  downslope. _ 

c.  Material  thickness. 

d.  Welding  position. 

Unfortunately,  their  effect  on  flat  position  overlap  weld  quality  was  only 
generally  established  during  this  program.  The  most  significant  data  are 
presented  in  Table  II;  void  occurrence  in  the  keyhole  withdrawal  zoneCls 
shown  relative  to  material  thickness  and  orifice  gas  flow  downslope  interval. 
The  apparent  influence  of  gas  downslope  interval  on  void  occurrence  in  the 
0.  248-  to  0.  252-in.  thickness  range  suggests  this  is  the  variable  of  greatest 
significance.  In  19  tests,  19  void-free  keyhole  withdrawal  areas  were  obtained 
in  this  thickness  at  the  7.  7-sec  gas  downslope  interval.  Simple  statistical 
treatment  of  the  data  on  flat  position  welds  at  this  downslope  interval  yields 
the  following  success  and  confidence  estimates  of  weld  quality  potential, 
based  on  a  sample  population  of  15: 

Satisfactory  Overlaps  to  be 

Expected  in  10  Attempts  Lower  Confidence  Level 

— ; - —4%) - - — - m - — : - 


50 

70 

so 

90 

95 


The  other  three  variables  exhibit  uncertain  significance.  It  can  be  inferred 
that  the  greatest  potential  for  producing  a  void-free  overlap  exists  when 
orifice  gas  flow  downslope  is  completed  before  current  downslope  is  started, 
but  there  were  enough  successes  (14)  when  that  was  not  the  case  to  decrease 
confidence  in  any  trend;  the  contradictory  successes  all  occurred  at  gas 
downslope  intervals  in  excess  of  7,  7  sec.  Material  thickness  effects  were 
not  thoroughly  evaluated,  but  increases  in  parent  metal  thickness  cause 
proportionate  increases  in  the  volume  of  molten  metal  carried  in  the  weld 
puddle  behind  the  keyhole;  it  is  this  molten  metal  that  must  solidify  progres¬ 
sively  without  voids  during  keyhole  withdrawal  to  yield  an  acceptable  weld. 
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92 

90 

85 

82 
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As  a  variable,  material  thickness  exhibited  the  expected  effect  in  that  more 
voids  were  found  in  thicker  material.  The  significant  liquid  phase  properties 
of  titanium,  and  particularly  the  influence  of  chemical  composition  on  vis¬ 
cosity  and  surface  tension,  were  not  found  in  the  technical  literature.  There¬ 
fore,  potentially  slgnfieanfc  molten  metal  surface  tension  and  viscosity 
variations  associated  with  chemical  composition  differences  could  not  be 
evaluated.  The  influences  of  material  variables  did  not  appear  to  be  predom- 
inant  at  the  0.248-  to  0.252-in.  thickness  level,  where  a  large  part  of  the 
Table  11  welding  data  were  obtained.  Additionally,  no  voids  were  found  in  the 
keyhole  withdrawal  area  of  any  of  the  horizontal  position  welds;  more  data 
would  be  needed  to  establish  the  statistical  importance  of  the  position  variable 
because  the  sample  population  was  only  four  tests. 

Figure  27  illustrates  a  successful  combination  of  welding  conditions  and 
timing  for  keyhole  mode  circumferential  welds,  using  the  FT-8  torch.  Fig¬ 
ure  28  shows  the  conditions  required  to  make  a  circumferential  keyhole  mode 
weld  both  before  and  after  the  problem  of  reduced  keyholing  force  occurred 
with  the  U-5T. 

Melt-in  mode  welds  can  be  made  with  either  plasma  torch  by  minimizing  the 
penetrating  force  of  the  plasma  arc  and  by  spreading  the  weld  puddle;  this 
was  accomplished  by  reducing  total  orifice  gas  flow  and  using  large  percent¬ 
ages  of  helium  in  the  orifice  gas.  It  was  found  that  melt-in  mode  welds  could 
be  produced  with  either  torch  using  similar  conditions,  except  for  total  orifice 
gas  flow.  Steady-state  keyhole  mode  welds  in  0.  25-in. -thick  titanium  were 
satisfactorily  covered  using  a  melt-in  fusion  cover  pass,  without  filler  wire 
addition  to  eliminate  top  bead  underfill, — heo&use  keyhole-  wtthdra^val  pro— — 
duces  a  characteristically  concave  top  bead  area,  some  filler  wire  addition 
during  the  cosmetic  cover  pass  is  necessary  to  fill  this  area.  Figure  27 
illustrates  satisfactory  melt-tn  mode  cover  weld  conditions  for  the  PT-8  (or 
U-5T)  torch  on  this  material.  Arc  initiation  and  tail-off  procedures  for 
melt-in  mode  plasma  arc  welds  are  relatively  noncritical. 

Figure  29  illustrates  top  and  root  bead  surfaces  in  the  overlap  area  of  a  weld 
that  was  used  for  initial  physical  properties  evaluation;  some  root  bead 
heaviness  in  the  overlap  area  is  apparent.  Figure  30  illustrates  cross  sec¬ 
tions  from  two  areas  of  each  of  the  first  physical  properties  evaluation  welds 
produced  with  PT-8  and  U-5T  torches.  These  photographs  illustrate  weld 
surface  and  cross  section  quality  to  be  expected  using  these  torches  with 
this  material. 
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Figure  27.  Welding  Conditions  and  Timing  for  Continuous  Circumferential 
Plasma  Arc  Welds  in  0.  25-in. -Thick  6A1-4V  Titanium,  U-5T  Torch 


START  AMD  TaiLOTF  CONDITIONS  FOR  KEYHOLE  MODE  HELDS 


p 

'  Figure  29.  Flat  Position  Square  Butt  Weld  in  6A1-4V  Titanium  Plate. 

0.235-in.  Thick,  2  Passes  Illustrating  Typical  Weld  Surface 
Quality  in  Area  of  Satisfactory  Overlap, 
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PT-*  TORCH.  1  KEYHOLE  WELD, 
12 1PM  WELD  SPEED,  WSLO  T2A2-1 


U-ST  TORCH,  1  KEYHOLE  WELD, 
121PM  WELD  SPEED,  WELD  T242-14 


PT^8  TORCH.  1  KEYHOLE  WELD 
PLUS  !  COVER  WELD,  121PM 
WELD  SPEED,  WELD  T2A2-2 


U-ST  TORCH,  1  KEYHOLE  WELD  PLUS 
1  COVER  WELD,  12  IPM  WELD  SPEED, 
WELD  T2A2-14 


|hno3/hp  ETCH 


30.  Flat  Position  Keyhole  Mode  Square  Butt  Welds  in  0.  24-in. . 
Thick  6A1-4V  Titanium,  Both  Torches. 


2.  3.  1.  3  Process  Tolerance  for  Fitup  and  Cleanliness  Variations 

Work  was  done  to  establish  quantitative  data  on  the  process  tolerance  for 
weld  joint  fitup  and  cleanliness  variations.  These  variables  were  examined 
individually  within  fairly  large  limits. 

Butt  weld  joint  fitup  variations  normally  take  two  forms,  excluding  local 
thickness  differences.  These  are: — ( 1 }  butting  edge  mismatch  in  the  plane 
of  the  plate,  and  (2)  deviations  from  continuous  butt  edge  contact  (gaps). 
These  factors  were  studied  individually  and  in  combination.  The  specimen 
employed  for  gap  evaluation  is  shown  in  Figure  31.  Figure  32  illustrates 
the  specimen  setup  employed  for  evaluating  the  effects  of  combined  gap 
and  mismatch.  The  effects  of  fitup  variables  were  evaluated  on  flat  posi¬ 
tion  square  butt  welds  without  keyhole  overlap  or  withdrawal  areas.  All 
welds  were  made  with  the  PT-8.  The  criteria  for  evaluating  the  effects  of 
these  variables  on  weld  quality  were  by  visually  determined  weld  surface 
qualities  and  X-ray  soundness.  Root  bead  concavity  was  evaluated  in  this 
study  as  a  condition  different  from  underfill. 

Figure  33  illustrates  the  effect  of  various  gap  widths  on  weld  cross  sec¬ 
tion  features.  The  keyhole  was  continuously  maintained  at  gaps  up  to 
0.  070  in.  (the  greatest  tested)  without  causing  a  hole  in  the  weld.  Some 
root  bead  concavity  at  fusion  zone  edges  was  resolvable  at  local  gap  areas 
over  0.  020  in.  wide,  both  visually  and  by  X-ray;  however,  based  on  these 
data,  it  appears  that  gaps  near  0.  030  in,  wide  could  exist  in  a  pressure 
vessel  butt  weldment  intended  for  flat  position  welding  without  seriously 
degrading  weld  quality  or  properties,  if  keyhole  mode  plasma.  jar.cjwnLding — 
were  to  be  employed.  At  this  gap  setting,  root  bead  concavity  is  less 
than  0.  004  in.  With  the  electron  beam  welding  process,  continuous  weld 
in  the  presence  of  gaps  above  0.010  in.  would  be  difficult  to  produce. 
Reference  11  describes  some  results  of  fatigue  tests  on  welds  in  other 
materials  to  evaluate  effects  of  root  bead  concavity. 

Figure  34  illustrates  the  effect  of  various  levels  of  mismatch  on  weld  cross 
section  features.  As  before,  the  keyhole  was  maintained  at  all  points 
along  the  weld  joint  without  causing  holes  in  the  weld.  Mismatch  conditions 
up  to  0.080-in.  offset  (32%  mismatch)  did  not  cause  undercutting  on  the  root 
bead  side  of  the  weld.  The  plasma  flame  protruding  through  the  keyhole 
was  progressively  deflected  toward  the  higher  side  of  the  joint  as  mismatch 
was  increased.  Any  of  the  top  bead  conditions  illustrated  in  Figure  34 
could  be  satisfactorily  covered  with  a  cosmetic  weld  pass  employing  filler 
wire  addition;  therefore,  constraints  on  allowable  mismatch  for  keyhole 
mode  plasma  arc  welds  would  most  likely  be  defined  by  transweld  load 
path  discontinuity  allowables  and  ability  to  achieve  a  satisfactory  keyhole 
withdrawal  zone. 
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DIRECTION  OF  WELD 


GAP  WIDTH  —w 


SECTION  A-A 
0.600-IN.  THICK  PLATE 


Figure  3i.  Plate  Design  for  Evaluating  Effects  of  Gap. 


igure  32.  Typical  Weld  Plate  Setup  for  Evaluation 


Figure  34.  Effects  of  Mismatch  on  Single  Pass  Flat  Position  Keyhole  Mode 
Plasma  Arc  Welds,  Square  Butt  Weld  Joints  in  0.  250-in. -Thick 
6A1-4V  Titanium  Plate. 


Figure  35  illustrates  the  effects  of  various  combinations  of  gaps  and  mis¬ 
match  on  weld  cross  section  features,  As  before*  the  keyhole  was  main¬ 
tained  at  all  points  along  the  weld  joint  without  causing  holes  in  the  weld. 

It  would  appear  that  constraints  on  mismatch  would  also  apply  for  combined 
conditions,  although  at  combinations  of  gap  and  mismatch  over  0.  030  and 
0.040  in.,  respectively,  the  root  bead  surface  exhibits  larger  discontinuities. 


The  effects  of  preweld  cleaning  on  the  quality  of  square  butt  plasma  arc 
welds  in  0.  25-in.-thick  6A1-4V  titanium  were  evaluated  using  three  levels 
of  cleanliness;  data  on  the  effects  of  cleanliness  were  obtained  aver  the 
duration  of  the  program.  The  standard  cleaning  procedures  were  : 

a.  As -received  plate  (pickled  at  mill),  milled  square  butt 
edge;  deburr  the  sharp  edges,  and  store  up  to  6  months 
for  later  use.  Wipe  butt  edges  with  clean  rag  saturated 
with  MEK  or  methyl  alcohol;  assemble,  purge,  GTAW 
tack  weld,  then  keyhole  weld. 

b.  As-received  plate  (pickled,  at  mill),  milled  square  butt  edge; 
deburr  the  sharp  edges,  etch  in  3%  HF/40%  HNC>3  solu¬ 
tion,  dry  and  wrap  in  kraft  paper,  and  store  up  to  3 
months  for  later  use.  Wipe  butt  edges  with  clean  rag 
saturated  with  MEK  or  methyl  alcohol;  assemble,  purge 
GTAW  tack  weld,  then  keyhole  weld. 

c.  As -received  plate,  (pickled  at  mill)  milled  square  butt 
- edge;  deburr  lhe  khaFp^edgesr  etch  ih  3l%  HF/ 40%  HNO3 

solution,  dry  and  immediately  prepare  for  welding.  Wipe 
butt  edges  with  clean  rag  saturated  with  MEK  or  methyl 
alcohol;  assemble,  purge,  GTAW  tack  weld,  then  key¬ 
hole  weld. 


During  this  program,  120  ft  of  the  390  ft  of  keyhole  mode  butt  welding  in 
this  material  was  inspected  by  flurorescent  penetrant  and  X-ray  methods. 
This  comprised  51  two-ft-long  plate  weldments  and  three  pressure  vessels 
with  6  ft  of  weld  each.  No  surface  defects  were  found,  except  that  single 
pass  welds  exhibited  top  bead  underfill  at  the  fusion  zone  edges;  two  pass 
welds  were  completely  free  of  surface  defects.  Porosity  was  found  in  four 
plate  weldments;  in  three  of  these,  the  defect  was  in  the  form  of  an  indi¬ 
vidual  pore  less  than  0,  030  in.  in  diameter.  In  the  fourth  case,  the  defect 
was  light  nonlinear  porosity  about  0.020  in.  in  diameter  in  a  1-in. -long 
section  of  the  weld.  None  of  the  porosity  was  rejectable  by  the  X-ray  accep¬ 
tance  criteria  (Appendix  VII).  These  data  were  obtained  from  welds  in 
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FlgU“.  35’  Effects  of  Combined  Gap  and  Mismatch  on  Single  Pass  Flat 
Position  Keyhole  Mode  Plasma  Arc  Welds,  Square  Butt  Weld  Joints 
in  0»  E50-in, -Thick  6A1-4V  Titanium  Plate, 


three  heats  of  material.  There  was  no  correlation  between  cleaning  pro* 
cedure,  boat  of  material,  and  occurrence  of  porosity.  Only  one  flat  post* 
tion  weld  exhibited  porosity,  but  three  horizontal  position  welds  exhibited 
porosity.  These  data  strongly  substantiate  previous  claims  of  very  high 
weld  quality  potential  inherent  with  the  plasma  arc  welding  process,  (These 
data  may  be  more  impressive  to  those  readers  familiar  with  the  problem 
of  producing  titanium  weldments  that  must  comply  with  restrictive  porosity 
acceptance  criteria.)  The  fact  that  25%  of  the  welds  X-rayed  were  made 
with  plates  that  were  simply  washed  with  solvent  after  edge  machining 
seems  very  significant.  The  puddle  agitation  and  surface  sweeping  action 
of  keyhole  mode  welding  appears  to  substantially  suppress  the  confirmed 
tendency  of  titanium  weld  metal  to  form  porosity,  at  least  for  surface 
cleanliness  and  interstitial  levels  within  the  ranges  examined. 


2.  3.  1.  4  Evaluation  of  Horizontal  Position  Welding 

Limited  welding  was  performed  to  determine  the  capabilities  of  the  plasma 
arc  welding  process  for  producing  high-quality  butt  welds  in  0. 250 -in. -thick 
6A1-4V  titanium  plate  in  the  horizontal  welding  position.  The  equipment 
setup  in  Figure  17,  including  the  PT-8  torch,  was  used  for  all  horizontal 
position  welding  of  flat  plate. 

Because -reasonable  success  was  achieved  at  12  ipm  on  flat  position  welds, 
this  speed  was  also  used  for  all  horizontal  position  welds.  It  was  found 
that  keyhole  mode  welding  conditions  developed  for  flat  position  welds 
could  aiso  be  utilized  for  horizoHtal  pOsitiOn  weTds^with  the^PT-B  torch^ 
Figure  36  shows  the  torch  side  surface  of  a  horizontal  position  weld  in  an 
area  free  of  keyhole  initiations  or  overlaps. 

There  were  no  voids  found  in  the  keyhole  withdrawal  area  in  any  of  the 
seven  horizontal  position  welds  that  were  X-rayed  (Table  II).  The  concave 
area  that  occurred  on  the  torch  side  of  flat  position  welds  at  the  keyhole 
withdrawal  point  was  not  as  deep  in  horizontal  position  welds.  It  appears 
that  the  welding  conditions  and  time  phasing  of  Figure  28  are  reasonably 
satisfactory  for  keyhole  overlap  and  withdrawal  operations  in  horizontal 
position  welds. 

Because  the  torch-side  surface  concavity  of  horizontal  position  welds  was 
shallower  in  the  overlap  area  than  in  flat  position  welds,  it  was  decided  to 
examine  conditions  for  cover  welds  without  employing  filler  wire  addition. 
This  was  satisfactorily  accomplished  using  the  conditions  and  procedures 
shown  in  Figure  37, 
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Figure  36.  Top  Bead  Surface  of  Single  Pass  Horizontal  Position 
Square  Butt  Weld  in  0.  25-in. -Thick  6A1-4V  Titanium  Plate. 
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Figure  37.  Weld  Conditions  and  Timing  for  Horizontal  Position  Welds 

in  Titanium. 
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2.  3.  1,  5  Weld  Properties  Evaluations 

Welds  for  mechanical  properties  evaluations  were  produced  in  6A1-4V  ti¬ 
tanium  plate  that  was  solution-treated  at  a  temperature  just  below  the  beta- 
transus  for  1  hr  and  quenched  in  water,  then  aged  at  about  1000°F  for 
4  hr  {Condition  STA).  Transweld  tensile  properties  and  precrack  Charpy 
impact  (PCI)  energy  absorption  characteristics  were  measured  to  evaluate 
the  effects  of  certain  procedural  variations.  Welding  conditions  were 
then  finalized  and  more  transweld  tensile  testing  and  PCI  testing  was 
done  together  with  some  low-cycle  fatigue  testing.  Chemical  composition 
data  and  results  obtained  from  tensile  and  PCI  testing  of  welds  in  this 
material  are  reported  in  Table  III.  Specific  welding  conditions  employed 
for  physical  test  weldments  are  recorded  in  Appendix  VIII.  Figures  38, 

39;  40,  41,  42,  and  43  illustrate  macro-  and  microstructural  character¬ 
istics  and  hardness  data  for  certain  welds.  Figure  44  illustrates  the  re¬ 
sults  of  limited  low-cycle  fatigue  testing. 

The  tensile  testing  of  all  welds  was  accomplished  using  transweld  test 
specimens  machinad  to  the  configuration  shown  in  Figure  45.  All -weld- 
metal  and  longitudinal  weld  tensile  properties  were  not  determined. 

Tensile  specimens  were  machined,  stress-relieved  at  the  indicated  tempera¬ 
ture  and  time,  and  tested  at  room  temperature.  Tensile  tests  were  con- 
ducted  at  strain  rates  between  0.003  and  0.007  in. /in.  /min  to  0.  2%  offset 
yield  stress;  strain  rate  was  then  increased  to  cause  failure  in  approximately 
one  additional  minute.  Weld  reinforcement  was  left  as-welded  on  all  ten- 

sile  tMt  specirnaRS  tO-jifiterminc.the  iiiuaxial.pruperties  of  these  welds  in- - 

the  configuration  that  is  exposed  to  service  loads,  and  to  indicate  whether 
increased  weld  land  thickness  would  be  required  for  the  titanium  pressure 
vessels,  which  were  to  be  fabricated  later  in  the  program.  Because  of 
the  way  the  weld  test  plates  were  cut  at  the  mill,  the  transweld  tensile 
load  direction  was  necessarily  transverse  to  the  final  rolling  direction 
of  the  parent  metal  in  all  cases. 

The  welding  conditions  for  6A1-4V  titanium  were  first  optimized  to  meet 
quality  requirements  for  circumferential  welds.  The  tensile  data  reported 
in  Table  III  represent  properties  of  a  relatively  fixed  set  of  welding  condi¬ 
tions;  most  evaluations  were  made  using  the  welding  conditions  presented 
in  Figures  27  or  37.  Tensile  test  results  for  certain  PT-8  welds  are 
summarized  in  Table  IV. 


A  literature  search  failed  to  reveal  published  tensile  data  for  fusion  butt 
welds  in  6A1-4V  titanium  higher  than  that  in  Table  IV;  however,  no  welds 
were  produced  that  exhibited  100%  of  the  parent  metal  tensile  strength. 

Flat  position  welds  made  with  a  two-pass  procedure  incorporating  filler 
wire  addition  on  the  cover  pass  were  about  3  ksi  higher  in  tensile  strength 
than  single-pass  welds,  regardless  of  filler  wire  composition.  The  ab~ 
sence  of  filler  wire  composition  effects  is  attributed  to  very  little  filler 
wire  being  added,  thus  weld  metal  dilution  is  negligible.  However,  weld 
T2A2-8  exhibited  very  low  tensile  properties  (Table  III),  This  was  attri¬ 
buted  to  the  higher  heat  input  (36  kjoules/in,  versus  about  20  kjoules/in,  ) 
employed  for  the  cover  pass.  Commercially  pure  wire  was  used  for  this 
weld,  and  this  may  also  have  contributed  to  reduced  properties;  more  weld 
metal  dilution  was  caused  by  the  higher  cover  pass  heat  input.  Increasing 
cover  weld  speed  (thereby  reducing  the  value  of  the  heat  input)  from  6  to 
12  ipm  significantly  improved  and  stabilized  transweld  tensile  properties, 
whether  or  not  filler  wire  was  added;  further  speed  increases  to  15  ipm 
for  the  cover  weld  did  not  significantly  alter  these  properties. 

The  transweld  properties  of  one  horizontal  position  weld  were  essentially 
identical  with  those  of  two-pass  flat  position  we. a  . 

Further  review  of  Table  III  tensile  data  clearly  indicates  there  is  no  signi¬ 
ficant  difference  between  the  tensile  properties  of  the  steady-state  weld 
and  the  keyhole  overlap  and  withdrawal  areas.  To  evaluate  a  potential 
repair  procedure,  a  second  keyhole  weld  was  made  in  a  welded  joint  that 
had  an  overlap  void  (10-sec  orifice  gas  downsIope__intervaIl..„ajid..a.-3at.iS-^- 
factory  overlap  was  made  using  the  7.  7-sec  downslope;  the  tensile  strength 
in  the  overlap  area  (essentially  three  passes)  was  slightly  higher  than  in 
the  two  pass  keyhole  area.  This  suggests  that  the  keyhole  overlap  and  with¬ 
drawal  procedure  illustrated  in  Figure  27  produces  welds  essentially 
equivalent  in  tensile  strength  at  all  points  on  the  weld,  either  in  the  initial 
welds  or  for  the  case  where  a  keyhole  repair  weld  may  be  desirable.  At 
least  three  keyhole  welds  could  be  made  in  a  square  butt  weld  joint  without 
degrading  tensile  properties.  It  is  apparent  that  total  heat  input  is  not  a 
very  significant  quantity  for  comparing  weld  procedures  and  tensile 
properties  in  this  material;  total  heat  input  as  high  as  87  kjoules/in.  had 
no  apparent  effect.  Heat  input  up  to  30  kjoules/in.  in  a  keyhole  weld 
apparently  had  no  degrading  effect  on  weld  tensile  properties.  The  in¬ 
fluence  of  interpass  temperature  higher  than  100°F  on  tensile  properties 
was  not  evaluated. 
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Table  HI.  Summary  of  6A1-4V.  Titanium  Par< 

Properties. 
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The  consistency  in  the  transweld  tensile  properties  of  welds  made  with 
the  conditions  of  Figure  27  (PT-8  torch)  is  remarkable.  The  information 
obtained  for  the  single  U-5T  weld  (T2A2-14)  does  not  constitute  enough 
work  for  extensive  comment;  this  weld  did  exhibit  lower  strength  than  PT-8 
welds.  The  transweld  tensile  strength  of  two  pass  PT-8  welds  was  between 
157  and.  162  ksi,  for  welds  made  in  two  heats  of  material  using  different 
backing  bar  spacing;  this  tends  to  substantiate  consistency  observations. 

Tensile  testing  of  specimens  machined  to  the  Figure  45  configuration  pro¬ 
duced  fractures  that  characteristically  followed  a  plane  diagonal  to  the 
weld  surface  about  1/16  in.  away  from  the  fusion  zone  boundary  (see 
Figure  46),  This  suggests  a  plane  of  low  ductility  exists  that  is  closely  re¬ 
lated  to  the  weld  fusion  zone  boundary.  Hardness  surveys  of  this  area 
(Figures  38  through  43)  show  that  there  is  a  definite  zone  of  reduced  hard¬ 
ness  extending  about  3/16  in.  beyond  the  fusion;zone  boundary  in  all  cases. 

Precrack  Charpy  impact  test  specimens  were  taken  from  weld  center- 
line  locations  in  nine  different  welds  (Table  III);  the  properties  of  the  heat- 
affected  zone  were  evaluated  using  specimens  taken  from  four  welds.  Two 
parent  metal  heats  were  evaluated.  The  PCI  blanks  were  cut  from  weld 
locations  shown  in  Figure  47.  The  orientation  of  the  notch  at  the  weld 
centerline  and  heat-affected  zone  positions  With  respect  to  the  welcLaxe. ----- .. 
also ^hown  in  Figure  47,  PCI  specimen  dimensions ..andfatigue  precrack 
tolerances  are  shown  in  Figure  48.  .  The  notch  for  all  heat-affected  zone 
evaluations  was  placed  0. 150  in.  awav.fr om  the  weld  centerline  (see  Fig- 
urea  38  through  43).  This  location  placed  the  heat-affected  zone  notch  in  a 
position  intersecting  the  characteristic  fracture  path  observed  in  transweld 
tensile  tests.  The  PCI  specimens  were  stress -relieved  along  with  weld 
tensile  specimens,  ground  to  size  and  notched,  then  fatigue  precracked  on 
a  Man-Labs  fatigue  loading  machine  (Figure  49).  Impact  testing  was  con¬ 
ducted  with  a  Man-Labs  Impact  Testing  Machine,  Model  CIM-24  (Figure  49), 
capable  of  delivering  a  maximum  force  of  24  ft-lb. —  This  machine  was 
calibrated  to  record  fracture  absorption  energy  within  a  .tolerance  of  less 
than  +  0. 10  ft-lb.  Parent  metal,  weld,  and  heat  affected  zone  energy  ab¬ 
sorption  levels  were  converted  to  inch-pounds  per  square  inch  of  fracture 
surface,  using  standard  practices,  and  are  reported  in  Table  HI.  Selected 
fracture  surfaces  are  shown  in  Figure  50. 

The  transverse  parent  metal  PCI  properties  measured  for  both  heats  tested 
are  reasonable  values  for  normal  interstitial  level  6A1-4V  titanium  in  the 


<4  PLACES) 


tmmmm 


Figure  45.  Tensile  Specimen  Design;  1/4-in.  Plate  Materials. 
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2,3.2 


Inconel  718j  Nominally  6.  25  in.  Thick 


2.3.2,  1  Keyhole  Mode  Weld  Procedure  Development 

The  welding  performed  on  Inconel  718  was  intended  to  develop  data  similar 
to  that  reported  for  0,25-in.  -thick  6A1-4V  titanium.  Welds  were  initially 
keyholed  in  plate  without  a  machined  joint,  using  the  PT-8  torch,  to  select 
plasma  arc  conditions  for  welding  at  6  ipm;  the  U-5T  was  not  used  for 
the  first  welds  in  this  material  because  Thermal  Dynamics  personnel  were 
evaluating  different  electrode  configurations.  Difficulties  were  encountered 
in  obtaining  adequate  weld  top  head  shielding,  primarily  because  the  first 
20%  of  this  welding  was  accomplished  without  the  trailing  shield  in  Figure  12. 
Air  contamination  of  the  weld  top  bead  surface  in  Inconel  718  had  much 
greater  influence  on  molten  weld  metal  flow  characteristics  than  in  titanium. 
Preweld  cleaning  of  all  plate  surfaces.with  silicon  carbide  abrasive  discs 
appeared  to  provide  optimum  cleanliness  for  welding. 

Flat  position  keyhole  mode  welds  were  readily  produced;  cross  sections 
from  the  first  weld  attempted  are  shown  in  Figure  54.  The  weld  fusion 
zone  configuration  is  very  similar  to  that  of  single-pass  keyhole  welds  in 
titanium.  The  root  bead  melt-thru  is  somewhat  heavier  than  in  titanium, 
but  top  bead  surfaces  are  almost  free  of  underfill.  Welds  were  made  to 
investigate  the  effects  of  small  variations  in  weld  conditions  on  fusion  zone 
geometry,  and  Figure  55  illustrates  three  important  effects.  Weld  heat 
lnput  ahd  ariTehergy-density  variecf  considerably  with  standoff  variations 
when  small  amounts  of  hydrogen  were  present,  even  when  hydrogen  was 
used  only  in  the  shield  gas  stream.  Satisfactory  keyhole  mode  welds  were 
obtained  using  pure  argon  orifice  gas,  and  little  additional  work  was  done 
with  hydrogen  mixtures,  mostly  because  of  effects  in  exaggerating  heat 
input  during  small  standoff  variations.  Variation  in  fusion  zone  geometry 
was  caused  by  unsatisfactory  top  bead  gas  shielding,  and  is  illustrated  by 
sections  from  Weld  K1A2-1  in  Figure  55.  This  weld  is  made  with  the 
trailing  shield  illustrated  in  Figure  14.  The  relative  heaviness  of  root 
bead  melt-thru  caused  by  the  PT-8  torch  outer  shield  configuration  is 
illustrated  in  sections  taken  from  Welds  K1A2-5  and  K1A2-8.  Keyhole 
weld  root  bead  smoothness  and  uniformity  were  directly  related  to  the  sta¬ 
bility  of  the  keyholing  process.  An  unstable  keyhole  could  be  identified  by 
observing  the  weld  puddle  top  surface  behind  the  keyhole;  fluttering  in  the 
molten  puddle  surface  was  one  kind  of  instability  and,  for  the  welds  made 
in  0,  25-in. -thick  Inconel  718,  this  was  always  associated  with  root  bead 
roughness  and  nonuniformity.  Weld  heat  input  and  orifice  gas  flow  settings 
governed  keyhole  stability  to  a  large  extent,  but  in  this  material  the  con¬ 
figuration  of  the  torch  outer  shield  also  affected  keyhole  stability  and  could 
contribute  to  measurable  variation  in  root  bead  smoothness.  This  shield 
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PT-8  TORCH,  136-M  ORIFICE 

K1A1-1,  140  AMP, 

1/8  IN.  STANDOFF 


K1A1-1,  140  AMP, 

3/16  IN.  STANDOFF 


K1AI-1,  150  AMP, 

3/16  IN.  STANDOFF 


K1A1-1,  140  AMP, 

1/4  IN.  STANDOFF 


Figure  54.  Single  Pass  Flat  Position  Plasma  Arc  Welds  in 
x>o$.2-AB'0,  250-in. -Thick  Inconel  Alloy  718,  No  Filler  Wire  Added; 

as-Welded. 
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EFFECT  OF  TORCH  STANDOFF  DISTANCE  USING  . 

3%  HYDROGEN-ARGON  GAS  MIXTURE  IN  SHIELD  3 

GAS  CIRCUIT  ONLY.  i 


XIA1-3,  1/4  IN.  STANDOFF 


EFFECT  OF  TORCH  STANDOFF  ON  WELD  CROSS-SECTION 
WHEN  A  NON5HROUO  TRAILED  SHIELD  IS  USED. 
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EFFECT  OF  TORCH  OUTER  SHIELD 
CONFIGURATION  ON  MELT-THROUGH. 
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Figure  55.  Fiat  Position  Butt  Weld  Cross  Sections  from  0.  25-in. - 
Thick  Inconel  718  Plate;  PT-8  Torch.  As-V/elded. 
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configuration  influenced  the  stability  of  the  keyhole  {when  using  the  PT-8) 
torch  by  interferring  with  the  plasma  flame  component  that  normally  is 
deflected  back  over  the  weld  puddle  away  from  the  direction  of  travel. 

Two  outer  shield  designs  were  examined;  these  were  the  standard  Linde 
vented  nozzle  and  a  nonvented  cylindrical  wide  coverage  nozzle.  The  cylind* 
rical  nozzle  interfered  with  plasma  flame  backflow,  creating  enough  key¬ 
hole  disturbance  to  cause  a  rough  and  heavy  root  bead  (Figure  56-left  side). 
The  standard  vented  shield,  with  the  vent  facing  away  from  the  direction  of 
weld  travel,  produced  the  smoother  root  bead  (Figure  56-right  side).  How- 
over,  if  the  vent  was  aligned  in  a  position  other  than  away  from  travel,  the 
vented  shield  also  caused  moderate  keyhold  instability  and  root  bead  rough- 


2.  3.  2.  2  Evaluation  of  Conditions  for  Making  Circumferential  Welds 

Conditions  for  starting  and  tailing  off  keyhole  mode  welds  in  square  butt 
joints  were  determined  using  the  PT-8  torch  without  filler  metal  addition. 
Cross  sections  from  Weld  K1A2-1Q  (Figure  57)  show  that  both  one-  and 
two-pass  areas  have  satisfactory  weld  surface  configurations;  Figure  58 
illustrates  root  bead  smoothness.  Several  welds  were  made  using  K1A2-10 
conditions;  all  were  visually  acceptable,  except  for  some  top  bead  concavity 

at  the  keyhole  withdrawal  point. . The  U-5T  weld  shown  in  Figure  57  was 

made  before  the  keyhole  force  problem  occurred;  note  the  narrower  fusion 
zone  width,  compared  with  the  PT-8  weld.  A  cosmetic  cover  weld  pass 

_witjaout^ine„cjwixe^dded_waAable4xj-eliminate -al-l-top--bead-un«leTfiildsut - 

did  not  completely  remove  tailofx  concavity.  Manual  weld  repair  using 
filler  addition  was  necessary.  Time  phasing  of  the  significant  weld  vari¬ 
ables  employed  for  both  keyhole  and  melt-in  mode  welds  in  this  alloy  is 
graphically  illustrated  in  Figure  59.  This  procedure  occasionally  produced 
welds  without  any  surface  defects,  and  a  very  satisfactory  melt-in  mode 
cover  pass  could  also  be  obtained.  Argon-hydrogen  mixtures  were  not  as 
critical  for  cover  weld  procedures  as  for  keyhole  welds. 


Visual  and  X-ray  inspection  of  weld  K1A2-10  revealed  no  defects  other 
than  the  top  bead  concavity.  Fluorescent  penetration  inspection  (see 
Appendix  VII  for  acceptance  criteria)  revealed  a  root  bead  defect  close  to 
the  spot  where  the  overlapping  keyhole  weld  had  ceased  to  penetrate  the 
plate  (Figure  58,  Section  AA).  Figure  60  illustrates  this  defect.  The  two 
cracks  were  in  the  weld  melt-thru  and  seem  to  be  related  with  the  keyhole 
withdrawal  point.  There  is  evidence  that  this  heat  of  Inconel  718  is  rela¬ 
tively  dirty  from  the  standpoint  of  inclusions.  Further,  the  root  bead  cracks 
illustrated  in  Figure  60  both  exhibit  a  light  etching  phase  on  the  crack  sur¬ 
faces.  The  observed  potential  in  this  material  for  keyhole  instability,  il¬ 
lustrated  previously,  seems  important.  It  was  established  later  in  this 
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718,  Illustrating 


(CROSS<SECTtONS  IX:  MARBLES  ETCH) 


K1A2-2  U-ST 


K1A2-10-2  PT-I 


Figure  57,  Flat  Position  Butt  Weld  Cross  Sections  From  0.  25-in 
Thick  Inconel  718:  As-Welded  (U-5T  and  PT-8  Torches), 
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Figure  58.  Root  Bead  Surface,  Keyhole  Mode  Square  Butt  Used  in 
0.  250-in. -Thick  Inconel  Alloy  718. 
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ELT-tN  COVER  WELD  WITHOUT  FILLER  WIRE 


Conditions  for  Single  Pass,  Flat  Position, 
Filler;  Metal  Addition,  in  0.  2 5 -in. -Thick 
3  Plate,  PT-8  Torch. 


program  that  keyhole  withdrawal  in  any  material  was  accompanied  by  a  short 
interval  of  flutter  and  turbulence  in  the  weld  puddle.  Any  possible  interac¬ 
tion  between  basic  material  properties  and  keyhole  withdrawal  dynamics 
relative  to  this  cracking  problem  was  not  clear  at  this  point. 

Because  certain  material  options  existed  in  this  program,  it  was  necessary 
to  decide  the  extent  of  further  work  required  with  Inconel  718.  The  cause 
of  the  crackling  observed  may  or  may  not  have  been  associated  with  some 
unusual  procedural  event.  Because  statistical  evaluations  were  beyond 
the  scope  of  planned  work,  it  was  reluctantly  decided  to  restrict  future 
work  on  this  material  to  a  study  of  weld  properties,  and  allow  the  root 
bead  overlap  crack  problem  to  remain  unsolved.  For  this  reason,  no 
welding  was.  performed  at  rpeeds  other  than  6  ipm. 


2,  3.  Z.  3  Mechanical  Properties  Evaluation 

Sections  from  one-  and  two-pass  areas  in  Weld  K1A2-10  were  selected 
for  tensile  testing;  tensile  specimen  configuration  is  shown  in  Figure  45. 

Weld  root  and  top  surface  crowns  were,  left  intact.  Table  VI  lists  composition 
and  tensile  test  data:  ail  parent  metal  and  weld  tensile  test  specimens  were 
heat-treated  prior  to  test,  as  shfewn.  Only  unnotched  tensile  tests  were 
made.  All  the  weld  test  specimens  fractured  well  away  from  the  weld.and 
^  Heat-affected  zone,  exhibiting  uniform  elongation  without  significant  loca¬ 
lized  area  reduction  at  tensile  fracture  sites  (see  Figure  46).  It  is  clear 

that  the  ductility  of  the  twxj-pas^weld-m-aHi^Htiv-better  4ha-n  rhat-of-tha--on-e-- - 

pass. weld  (20%  versus  17%  in  2  in. ).  Joint  efficiencies,  based  on  averages 
of  transverse  parent  metal  properties,  were  as  follows: 


Joint  Efficiency 

Joint  Efficiency 

at  0.  2% 

at  Ultimate 

- w  eia - - 

K1A2-10 
one-pass  weld 

UilSCv  x  iclu 

iliaiOO  % 

156,500 

Tensile  Stress 

*85x600  =  g8% 
188,  800  9  ’ 

K1A2-10 
two-pass  weld 

‘V00  .  100% 

156,  500  /s 

186*100  =  99% 
188,800 

These  data  relate  to  welded  Inconel  718  intended  for  tensile  limited  applica¬ 
tions  only.  The  1950°F  solution  treatment  employed  has  been  shown  to  be 
necessary  to  yield  consistently  high  ductility  in  welds  and  heavy  forgings; 
however,  this  high  ductility  is  reported  to  be  obtained  at  some  expense  in 
stress  rupture  and  notch  ductility  properties  over  the  1200°  to  1350°F 
temperature  range  (Reference  17). 
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2.3.3  Rene  41,  Nominally  0.  063  in.  Thick 


This  material  was  evaluated  because  the  feasibility  of  using  these  plasma 
arc  torches  for  welding  high-strength  materials  in  sheet  metal  thicknesses 
had  not  been  established.  This  thickness  range  is  such  that  melt-in  mode 
-plasma  arc  welding  techniques  are  suggested, 

Melt-in  mode  welding  conditions  were  examined  by  welding  at  31  ipm  (the 
maximum  speed  possible  with  the  Aerojet  equipment)  and  adjusting  welding 
conditions  to  obtain  reasonably  satisfactory  welds.  The  initial  welds 
were  made  using  He75  orifice  gas  with  the  PT-8  torch.  Figure  61  illus¬ 
trates  the  effects  of  current  on  fusion  zone  geometry.  Weld  top  surface 
oxidation  was  heavier  than  it  should  be  when  He75  orifice  gas  was  used. 
Hydrogen  mixtures  were  then  investigated;  however,  this  was  before  the 
multifunction  plasma  gas  control  panel  illustrated  in  Figure  7  was  available, 
so  premixed  gas  was  used.  Figure  62  illustrates  the  effects  of  torch  stand¬ 
off  on  fusion  zone  geometry  in  this  material. 

The  U-5T  torch  was  employed  for  welding  this  material  using  .only  the  7.  5% 
hydrogen-argon  gas  mixture.  Figure  63  illustrates  effects  of  standoff  dis¬ 
tance  on  fusion  zone  geometry.  The  conditions  employed  produced  melt-in 

mode  welds;  however,  it  was  possible  to  keyhole  with  the  U-ST  in  this  rna-- . _ 

teriai.  The  keyhole  was  quite  unstable  and  undercut  was  severe.  The 
melt-in  mode  arc  was  not  as  unstable  as  the  keyhole  arc,  but,  at  standoff 

distances  greater  than  CL.-25_im_.  tb.e.me It- in  ar c  -developed . some  -directional  — 

instability. 

Because  weld  surface  shielding  inconsistencies  created  problems  in  this 
material,  a  trailing  shield  was  found  to  be  essential.  The  shield  gas  cover¬ 
age  provided  by  the  standard  shield  components  on  both  PT-8  and  U-5T 
torches  was  inadequate  to  prevent  weld  top  bead  oxidation  on  welds  in 
Rene  41  sheet.  . -  -  - -  — 

Square  butt  welds  were  made  with  both  torches.  Figure  64  illustrates  weld 
cross  sections  obtained.  These  welds  (R1A2-1  and  R1A2-2)  were  inspected 
carefully.  The  top  bead  surfaces  of  both  welds  appeared  acceptable,  as 
were  the  root  beads.  The  cross  sections  examined  were  free  of  voids  and 
fissures  in  fusion  and  heat-affected  zones.  Start  and  stop  areas  were  not 
acceptable,  but  there  is  no  question  that  acceptable  quality  could  be  obtained 
in  these  areas  with  slightly  altered  welding  conditions. 

X-rays  of  Weld  R1A2-1  disclosed  no  internal  defects,  but  discontinuous 
top  bead  undercut  was  indicated.  Start  and  stop  areas  were  unacceptable. 
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PT-8  TORCH 
111-M  ORIFICE 

3/32  IN.  DIAMETER  ELECTRODE 


RlAi-4-J  115  AMP,  3/16  IN.  STANDOFF, 
31  1PM 


R1A1-4-T.  115  AMP,  1/4  IN.  STANDOFF, 
31  IPM 


R1A1-4-1  115  AMP,  5/16  IN  STANDOFF, 
31  IPM 

Figure  62.  Effects  of  Torch  Standoff  Distance  on  Plasma  Arc  Weld 
in  0.  062-in. -Thick  Rene  41  Sheet,  PT-8  Torch,  Single  Pass  Flat 
Position  Weld,  No  Filler  Wire  Added,  as-Welded, 


y~5T  TOSOH 

1/16  IN.  ORIFICE,  V16  IN.  DIAMETER  ELECTRODE 


R1A1-9,  62  AMP,  3/32  IN,  STANDOFF, 
31  IPM 


R1A1-9,  62  AMP,  3/16  IN.  STANDOFF, 
31  IPM 


R1A1-9,  62  AMP,  1/4  IN.  STANDOFF, 
31  IPM 


SOO»-2-*H-t 


R1A1-9,  62  AMP,  5/16  IN.  STANDOFF, 
31  IPM  ' 


Figure  63.  Effects  of  Torch  Standoff  Distance  on  Plasma  Arc  Weld  in 
0.  062-in. -Thick  Rene  41  Sheet,  U-$T  Torch,  H2  7.5  Orifice  Gas, 
Single  Pass  Flat  Position  Weld,  No  Filler  Wire  Added,  as-Welded. 
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Wei\f1A2^f  di8closed  £iva  P°res  a*  fusion  Hue,  twu  of  which 
were  unacceptable.  The  start  and  stop  areas  were  also  unacceptable.  Poro- 

distance  “  *  Z°ne  °f  weld  P^^uced  at  one  particular  standoff 

Figure  65  shows  butt  welds  in  24  in.-long  sheets.  In  these  welds,  it  is 

shrilkaif  C1frv,atu/S  in  the  sheets  ^  caused  by  longitudinal  weld 

shrinkage.  Although  the  backing  bars  could  be  moved  very  close  together 
the  weid  joint  area  could  not  be  forced  down  onto  the  bac^ bars  by  the 
holddown  bars  (Figure  15)  because  of  the  need  to  space  the  holddown  bars 
wide  enough  (about  l.  25  in. )  apart  to  provide  access  to  the  joint  for  the  plas¬ 
ma  torch.  The  net  effect  was  that  there  was  no  rapid  heat  removal  from 
the  weld  area,  and  about  the  same  amount  of  longitudinal  camber  developed 

both  torches  (whe*  — — d 

The  need  for  torch  access  to  the  weld  area  restricted  the  use  of  chill 

r,  rt  Whlt  COUld  greatly  reduce  observed  camber  effects.  For  this 
end  "\P  a  t0rches  seem  excessively  bulky  in  the  orifice 

Sfd  tTteXuO  SirMe  W€lding  ChUl  ^ 

*  "** '*»  063-ia.-Ren*  41  was  not  accomp- 

weld  test!  illustrates  composition  of  the  Rene  41  utilized  for  these 


I 


PT-8  BUTT  WELD 
115  AMP,  31  I  PM 
R1A2-6 
(R2A1-1) 


i^gure  65.  Single  Pass  Flat  Position  Plasma  Arc  Square  Butt  Welds  in  0.  062-i 
:hick  Bene  41,  Illustrating  Typical  Longitudinal  Camber-Type  Weld  Distortion 

No  Filler  Wire  Added,  as-Welded. 


Table  VII.  Chemical  Composition  (%  by  Weight)  of  0,  062 
Thick  Rene  41  Sheet. 


Percent 

! 

Heat  No^ 

Chemical 

TV  361; 
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SECTION  m 

PROCESS  PERFORMANCE  EVALUATION 


3, 1  COMPARISONS  OF  PLASMA  ARC,  GTAW,  AND  GMAW 
_ PROCESSES _ 

Several  factors  can  be  evaluated  to  compare  plasma  arc  welding  with  other 
gas-shielded  arc  welding  processes.  Material  thicknesses,  joint  designs, 
arc  time,  consumables  utilized,  weld  quality  levels  and  properties,  and 
weldment  and  tooling  configurations  {straight  seam  or  circumferential)  are 
significant;  consideration  of  these  factors  can  yield  a  satisfactorily  com¬ 
prehensive  process  comparison.  It  is  possible  to  overcompare  if  all  time 
and  material  factors  of  importance  are  considered  in  detail  and  specific 
organizational  cost  factors  are  assigned.  Cost  elements  of  such  comparisons 
are  not  universally  applicable;  therefore,  detailed  costing  was  not  done  in 
this  work.  The  comparisons  made  herein  relate  specifically  to  the  applica¬ 
tion  of  these  welding  processes  for  fabricating  rocket  motor  cases  and 
weight-critical  unfired  pressure  vessels.  Areas  of  comparison  are  limited 
to  weld  shop  time,  quantities  of  consumables  utilized,  and  cipher  factors 
that  can  influence  welding  process  and  equipment  selection  for  hardware 
fabrication. 


3, 1.  1  Comparisons  of  Welding  Conditions 

Weld  shop  time  requirements  and  consumables  used  are  compared  for  pro¬ 
ducing  complete  welds  in  comparable  thicknesses  of  materials.  Table  VIII 
lists  certain  welding  conditions  found  in  the  literature  for  similar  thick¬ 
nesses  of  6A1-4V  titanium.  Unfortunately,  the  weldment  configurations 
employed  were  not  discussed  in  most  of  the  literature;  only  those  proce¬ 
dures  for  which  weld  configuration  is  known  are  compared.  Reference  5 
discusses  the  application  of  plasma  arc  welding  for  girth  welds  in  a  simu¬ 
lated  Minuteman  motor  case;  this  is  repeated  in  Table  IX,  as  Case  I,  using 
a  slightly  different  data  arrangement. 

In  Case  I,  the  principal  time  factors  were  setup  time  and  arc  time.  Plasma 
arc  welding  was  shown  to  be  capable  of  reducing  the  overall  weld  shop  time 
by  a  factor  of  3,  which  is  a  substantial  savings  in  labor  hours  for  any 
shop.  The  wire  utilized  for  the  GTAW  weld  was  neither  a  cost  nor  a  quality 
factor  in  the  plasma  process  and  represents  an  additional  savings  factor. 
Gas  consumption  with  the  plasma  weld  procedure  was  less  than  half  that 
required  with  the  GTAW  weld  procedure,  mostly  because  of  reduced  arc 
time.  Overall  unit  arc  times  per  foot  of  weld  were  2.  4  min/ft  for  plasma 
and  9.  2  min/ft  for  GTAW. 
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In  Case  II,  the  weldment  was  a  spherical  vessel  with  only  a  1.  0 -in. -dia¬ 
meter  hole  in  the  end  boss  areas,  which  precluded  the  use  of  internal 
tooling  and  necessitated  a  total  purge.  The  principal  cost  considerations 
were  arc  time  and  weld  wire  savings;  setup  time  was  virtually  the  same  for 
all  three  processes  compared.  The  consumption  of  wire  with  the  plasma 

weld  procedure  was  less  than  15%  of  that  required  with  the  GTAW  weld _ 

procedure.  Overall  time  in  the  weld  shop  was  1.6  times  longer  with  GTAW 
than  with  plasma;  electron  beam  welding  required  essentially  the  same 
amount  of  weld  shop  time  as  plasma.  The  gas  consumption  with  the  plasma 
procedure  was  less  than  half  that  required  with  the  GTAW  procedures. 
Overall  unit  arc  times  per  foot  of  weld  were  2  min^ft  for  plasma  and 
12  min/ft  for  GTAW. 

Other  data  on  welding  conditions  for  titanium  are  shown  in  Table  VIII. 
Considerable  information  has  been  published  on  GMAW  welding  of  titanium 
plate  1.0  in.  thick  and  heavier.  In  the  thickness  range  of  0.  123  to  0,  75 
in. ,  GMAW  welding  conditions  seem  to  imply  a  single-pass  straight  seam 
weld  configuration.  This  is  not  directly  comparable  with  the  work  done  on 
this  program  and  is  not  used  for  comparison  purposes.  It  would  appear 
that  the  GMAW  process  would  be  at  a  quality  disadvantage  for  welding  ti¬ 
tanium  because  of  wire  surface  quality  inconsistency,  potential  contact  tube 
seizure,  and,  in  the  case  of  circumferential  weld  joints,  problems  in  the 
weld  overlap  and  tailoff  area.  Electron  beam  welding  is  clearly  a  desirable 
process  for  welding  titanium  because  the  vacuum  welding  environment  pre¬ 
cludes  contamination  of  weld  metal  with  air.  Electron  beam  welding  can 
yield  excellant-quality  titanium  welde  but  ifaetendencyfcnrtop  fread  undfercut 
and  root  bead  splatter  to  occur  at  the  high  welding  speeds,  as  illustrated  in 
Figures  66  and  67,  suggests  that  it  may  not  be  especially  advantageous  for 
closed  vessel  butt  welding,  A  properly  setup  plasma  arc  weld  does  not 
cause  this  kind  of  splatter. 

Table  X  illustrates  conditions  for  welding  Inconel  718  with  plasma  arc,  GTAW 
and  GMAW  processes.  Because  of  the  root  bead  cracking  encountered  in  de¬ 
veloping  circumferential  welding  procedures  for  plasma  arc  welding  this 
material  there  is  no  extensive  comparison  included  here.  It  was  rela¬ 
tively  simple  to  plasma  weld  Inconel  718  in  a  straight  seam  weldment  con¬ 
figuration  (without  an  overlap),  but  it  is  certain  that  faster  speeds  could 
have  been  obtained  using  argon-hydrogen  gas  mixtures. 


Table  VIII.  Weld«g  *i°r  ^0%  Penetration  Butt  Welds  in  TiUafai 

Alloy  Plate  (Procea*  Compariaon  l>ata). 
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Figure  66.  Top  Bead  Surfaces  Typical  of  Two  Flat  Position 
Square  Butt  Welds  in  0.  25 -in.  -  Thick  6A1-4V  Titanium  Plate, 
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ROOT  MAO  SURFACE 


Figure  67.  Root  Bead  Surfaces  Typical  of  Two  Flat  Position  Square 
Butt  Welds  in  0,  25-in.  -Thick  6AI-4V  Titanium  Plate. 
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3.  1.2  Weld  Properties  Comparison 


3.  1.2.  1  Mechanical  Properties  of  Butt  Welds  in  0.  25-in. -Thick 
6A1-4V  Titanium 


Table  XI  lists  certain  mechanical  properties  of  butt  welds  in  this  material. 
The  transweld  tensile  properties  of  plasma  arc  welds  in  this  material  were 
rather  high.  This  may  be  partially  attributable  to  the  tensile  specimen  con¬ 
figuration  (Figure  45).  The  spread  in  ultimate  tensile  strength  for  plasma 
arc  welds  was  157  to  162  ksi.  This  may  be  a  normal  range  for  tensile 
properties  in  these  heats  of  material.  The  data  could  also  represent  the 
upper  bound  of  a  scatter  band  for  weld  properties  in  quenched  and  aged 
6A1-4V  titanium.  It  was  not  possible  to  determine  which  category  these 
tensile  data  represent  because  of  the  limited  testing  performed.  However, 
nowhere  in  the  literature  were  higher  weld  tensile  properties  reported, 
nor  were  transweld  tensile  properties  equivalent  to  100%  of  parent  metal 
strength  reported.  Apparently,  in  this  thickness  range,  plasma  arc  welds 
were  at  least  as  strong  as  welds  made  with  any  other  process,  and  possibly 
somewhat  stronger.  Ductility  was  adequate  but  not  consistently  high.  The 
electron  beam  weld  in  0.  250-in. -thick  material  exhibited  surprisingly  low 
ductility;  possibly  the  50-ipm  weld  speed  employed  was  a  contributing 
factor.  The  tensile  fracture  faces  of  these  welds  exhibited  evidence  of 
intergranular  failure,  possibly  associated  with  nonequillibrium  composition 
caused  by  the  rather  high  solidification  rate.  Either  commercially  pure 
or  6A1-4V  titanium  weld  wire  could  be  used  — 

undercut  in  keyhole  mode  welds  in  this  material,  with  no  observable  reduc¬ 
tion  in  transweld  tensile  strength.  The  precrack  Charpy  data  bear  little 
relation  to  tensile  ductility  or  strength.  The  fracture  faces  of  precrack 
Charpy  specimens  from  plasma  arc  welds  were  very  fine  grained  (Fig¬ 
ure  50),  but  the  electron  beam  weld  fractures  were  quite  rough,  again 
suggesting  that  failure  was  at  least  partly  intergranular  In  nature. 

Based  on  the  results  obtained  on  this  program,  plasma  arc  welding  is 
capable  of  producing  butt  welds  at  very  high  levels  of  quality  and  strength  in 
solution-treated  and  aged  6A1-4V  titanium.  Precrack  Charpy  test  data 
indicate  excellent  weld  toughness;  no  fracture  toughness  testing  was  per¬ 
formed  to  develop  valid  plane  strain  fracture  toughness  data  for  these  welds. 


3.  1.2,  2  Mechanical  Properties  of  Butt  Welds  in  0.  25-in. -Thick 
Inconel  718 

Table  XII  lists  tensile  properties  of  butt  welds  in  Inconel  718.  Welds  made 
in  this  program  were  at  least  as  high  in  tensile  properties  as  GTAW  or 
GMAW  welds.  Properties  of  two  welds  listed  in  Table  XII  (GTAW-ACB  and 
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Table  X.  Welding  Conditions  for  100%  Penetration  Butt  We 

Plate  (Process  Comparison  Da 
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a.  Tooling  Configurations 

Hard  backing  bars  and  crown  side  drill  rings. 
Clacking  bars  only. 


A. 

B. 


100%  Penetration  Butt  Welds  in  Nickel  Base  Alloy 
ite  (Process  Comparison  Data). 
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Table  XI.  Mechanical  Properties  of  100%  Penetration  Butt  Welds  in  Titai 

(Process  Comparison  Data). 
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a.  Process  cycle  data:  A  .  2  Hr  @  1350°F,  air  cool,  B  -  I  Hr  @  1750°F,  Water  Ouench,  C  -  4  Hr,  @  tOOO°F,  Air  Cool.  W 

b.  Tenaile  tested  with  weld  reinforcement  left  as-welded. 

c.  Smooth  bar  tensile  test. 

d.  Yield  stress 

c.  Ultimate  tensile  strength 
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Table  XII.  Mechanical  Properties  of  100%  Penetration  Butt  Welds  in  Ni 

Hate  {Process  Comparison. Data). 
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GMAW-ACB)  were  included  to  illustrate  the  effects  of  aging  directly  after 
welding  rather  than  going  through  a  solution  anneal  and  age  cycle.  The 
tensile  properties  were  down  {particularly  yield  strength  and  ductility). 
These  values  could  be  increased  substantially  by  employing  a  1950°F  solu¬ 
tion  anneal  after  welding,  then  aging,  which  is  one  processing  cycle 

employed  for  welds  in  this  material  that  are  intended  for  tensile  limited 
applications, - 


Extensive  unpublished  data  {References  1 7  and  20)  have  shown  that  aging  Inconel 
?18  directly  after  welding  without  a  solution  anneal  yields  weld  zone  ducti¬ 
lity  very  close  to  the  5%  level  recommended  by  one  source  as  a  lower  bound 
to  define  the  transition  between  ductile  and  brittle  material  behavior 
(Reference  24),  Other  unpublished  GTAW  weld  data  (Reference  20}  des¬ 
cribe  notch  tensile  testing  at  room  temperature  with  a  weld  metal  notch 
acuity  factor  (K^)  of  6.  3,  The  notch  tensile  ratio  was  well  above  unity  for 
both  conditions  tested,  suggesting  that  Alloy  718  welds  are  exceedingly 
resistant  to  crack  propagation,  even  when  crack-like  defects  exist  in 
complex  stress  fields. 

3. 1.  3  Application  of  Plasma  Arc  Welding  in  Production  Operations 
3. 1.3.  I  Weld  Quality 

f  robably  the  major  welding  problem  facing  titanium  fabricators  relates  to _ 

keeping  rejectable  weld  defects  within  reasonable  limits.  The  quality  rec¬ 
ord  built  up  during  the  plasma  arc  welding  in  this  program  demonstrates 
tremendous  potential  for  producing  consistently  high  quality  butt  welds, 
particularly  in  titanium  and  titanium  alloys. 

The  action  of  the  keyhole  mode  plasma  arc  on  molten  titanium  weld  metal 
seems  to  eliminate  porosity,  which  can  be  a  major  quality  problem  in 
GTAW  welds.  In  addition,  much  less  filler  wire  is  required  in  plasma  arc 
welds,  at  least  in  the  0.25-in.  thickness  range,  so  that  quality  problems 
and  costs  associated  with  obtaining  satisfactory  quality  titanium  weld  wire 
are  minimized.  Because  keyhole  mode  plasma  arc  welds  are  made  in  square 
butt  weld  joints  for  circumferential  welds  in  material  up  to  0.  25- in.  thick, 
the  need  for  more  than  two  passes  in  a  weld  depends  only  on  weld  position 
{flat  position  --  two  passes,  horizontal  position  —  three  passes).  There 
are  very  tangible  benefits.  Arc  time  is  reduced  to  a  minimum  because  of 
the  inherently  high  welding  speeds  available.  This  m  itself  tends  to  reduce 
possibilities  for  air  contamination  of  welds,  because  the  total  time  the 
weld  metal  is  in  the  absorptive  temperature  range  for  interstitial  contami¬ 
nants  is  minimized  for  all  parts  of  the  weld. 
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Relatively  thick  root  welds  are  possible  using  the  keyhole  mode  plasma  arc, 

A  type  of  root  bead  flaw  found  in  single-  and  multipass  GTAW  welds  {Appen¬ 
dix  IX)  has  been  described  as  a  grain  boundary  separation  in  weld  metal. 

It  appears  that  GTAW  welds  are  susceptible  to  this  kind  of  defect  because 
of  the  normally  thin  cross  section  in  root  welds  necessitated  by  limited 
penetrating  capability  of  the  process.  The  defects  are  not  resolvable 

by  X-ray  inspection  techniques;  it  is  necessary  to  resort  to  the  use _ 

— of  a  high-sensitivity  liquid  penetrant  to  find  them,  apparently  because  the 
width  of  surface  opening  of  these  defects  is  quite  small  (see  Figure  IX-2 
of  Appendix  IX),  This  kind  of  defect  is  probably  present  in  a  great  deal 
of  6A1-4V  material  in  other  existing  titanium  tankage  where  the  root 
side  of  the  weld  is  not  accessible  for  visual  and  penetrant  inspection.  This 
kind  of  defect  has  not  been  found  in  the  root  bead  fusion  zone  of  plasma 
arc  welds. 

Weld  shrinkage  and  distortion  is  reduced  using  the  plasma  arc  process. 
Transverse  shrinkage  in  butt  welds  in  0.  25 -in. -thick  6A1-4V  titanium 
averages  0,  045  in. ,  with  0.  030  in.  occurring  during  the  keyhole  root  weld 
and  the  remaining  0.  015  in.  resulting  from  the  cover  pass. 

The  possibility  of  getting  tungsten  inclusions  into  the  weld  is  virtually  absent. 
The  torch  is  always  at  least  1/8-in.  above  the  weld  and  the  tungsten  electrode 
is  recessed  into  the  orifice  (see  Figure  6);  the  only  way  for  a  tungsten  inclusion 
to  occur  in  a  plasma  weld  is  for  an  electrode  to  fragment.  Although  the  sig¬ 
nificance  of  tungsten  inclusions  as  a  defect  in  titanium  welds  is  questionable, 
the  expedient  of  completely  eliminating  this  kind  of  inclusion  represents  a 
way  of  improving  the  state  of  welding  engineer's  coexistance  with  many  exist- 
ing  weld  specifications. 

The  weld  melt-thru  and  root  bead  fusion  zone  width  are  very  uniform  in 
plasma  arc  welds. 

Although  the  allowable  weld  joint  mismatch  and  gap  in  aerospace  hardware 
are  generally  governed  more  by  load  path  discontinuity  limits  than  by  other 
considerations,  relatively  poor  fitup  is  of  little  concern  when  using  plasma 
arc  welding,  as  illustrated  in  Figures  33,  34,  and  35. 


3. 1,  3.  2  Equipment  and  Personnel 

The  Aerojet-owned  welding  equipment  employed  for  plasma  arc  torch  opera¬ 
tion  was  standard  industrial  welding  machinery  except  for  the  program 
control  power  supply  (Figure  10)  and  the  plasma  gas  control  system  (Fig¬ 
ure  7).  Weld  travel  speed  was  provided  by  a  standard  Linde  shunt-wound 
DC  motor  run  from  a  standard  Linde  electronic  governor.  Wire  feed  was 
also  provided  by  standard  Linde  equipment. 
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The  program  control  power  supply  used  for  this  program  was  an  electrical 
machine  capable  of  maintaining  weld  current  at  a  predetermined  level 
within  close  limits{4:  3  ampjduring  variations  in  load  voltage.  This  ia 
accomplished  by  a  servo -operated  current  control  system  built  into 
the  welding  transformer;  many  welding  machines  do  not  include  this 
feature,  it  has  been  suggested  that  common  drooping  characteristic _ 


H 


f  . 


welding  machines  (for  example,  the  Vickers  3  phase  input  DC  series)  may 
be  suitable  for  plasma  arc  welding;  this  was  not  confirmed  for  circumferen¬ 
tial  welding  applications  during  this  program.  The  basic  equipment  require¬ 
ments  for  a  given  plasma  arc  welding  setup  should  probably  be  determined 
by  the  specific  application. 

a.  Straight  Seam  Welds 

Weld  Power  Supply.  Maximum  100%  duty  cycle  current  should 
be  determined  by  maximum  thickness  and  material  to  be 
welded;  at  least  300  amp  should  be  available  at  40  v  on  a  100% 
duty  cycle  basis.  Conventional  drooping  characteristic  machines 
may  be  suitable,  but  output  should  approximate  a  constant- 
current  characteristic  in  the  welding  voltage  range  unless  torch- 
to-work  distance  variations  are  held  to  less  than  +  1/16  in.  by 
fixturing. 

Plasma  Gas  Control.  The  simplest  gas  control  systems  made 
by  Linde  and  Thermal  Dynamics  should  be  satisfactory.  Css 
_ mixing  could  be  aprohlemu — However,— mixed  gases  within  -a  wide - 


range  of  compositions  can  be  easily  obtained. 

Weld  Speed  Control.  Should  be  capable  of  maintaining  weld  speed 
within  f  0.  5  ipm  of  a  preset  speed  level. 

b.  Circumferential  Welds 

Weld  Power  Supply.  Maximum  100%  duty  cycle  current  should 
be  determined  by  maximum  thickness  and  material  to  be  welded; 
at  least  300  amp  should  be  available  at  40  v  on  a  100%  duty  cycle 
basis.  Conventional  drooping  characteristic  machines  may  be 
suitable,  but  output  should  approximate  a  constant-current  charac¬ 
teristic  in  the  weld  load  voltage  range  unless  torch-to-work  dis¬ 
tance  variations  are  held  to  less  than  +1/16  in.  by  fixturing.  Power 
supply  must  have  the  current  upslope  and  downslope  feature  with 
slope  interval  controls  accurate  to  within  +  1  sec;  the  need  for 
true  linearity  of  current  slope  rate  was  not  determined,  although 
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the  Aerojet  equipment  provides  linear  current  slope.  Current*  weld 
travel,  and  wire-feed-speed  slope  in  unison  on  the  Aerojet  equip¬ 
ment  because  the  slope  functions  are  governed  by  slope  generator 
potentiometers  ganged  on  a  common  shaft  driven  by  one  variable- 
speed  motor.  It  was  found  in  welding  1/4  and  5/8-in. -thick  18  Ni 

steel  and  9  Ni  steel  that  satisfactory  keyhole  withdrawal  could  be  _ 

obtained  only  by  sloping  down  weld  travel  independently  of  weld  cur¬ 
rent,  which  would  require  some  special  sequencing  circuitry  in 
practically  any  plasma  welding  setup. 

Plasma  Gas  Control.  Must  provide  for  orifice  gas  upslope  and 
downslope  with  duration  repeatability  within  +  0,  5  sec.  The  con¬ 
trol  must  be  interlocked  with  the  weld  power  supply.  Weld  cycle 
sequencing  controls  are  generally  simple  to  arrange. 

Weld  Speed  Control.  Should  be  capable  of  maintaining  weld  speed 
within  ±0.5  ipm  of  a  preset  speed  level.  The  previous  discussion 
relating  to  weld  travel  downslope  capability  may  be  an  important 
consideration  for  some  materials. 

Aerojet  staffed  the  welding  tasks  on  this  contract  with  an  experienced  weld 
ing  engineer  and  a  conscientious  technician  who  had  never  seen  a  weld 
before;  the  technician  required  about  a  mPhth  to  familiarize  himself  with 
gas -shielded  fusion  welding  in  general  and  plasma  arc  equipment  and 
techniques.  Although  plasma  arc  welding  equipment  and  techniques  are 
somewhat  more  complicated  than  GTAW  or  GMAW.  -the  complexity  was  not  a 
major  problem  in  operator  training.  Plasma  arc  seems  to  be  somewhat 
simpler  to  learn  than  electron  beam  equipment  and  techniques.  It  is  felt 
that  a  production  plasma  arc  welding  operator  should  have  some  automatic 
GTAW  or  GMAW  welding  experience  because  the  power  sources  and  equip¬ 
ment  are  similar,  and  some  experience  with  arcs  and  weld  metal  flow  is 
important.  It  seems  reasonable  to  expect  that  a  qualified  and  interested 
man  could  learn  specific  production  equipment  and  procedures  in  less 
than  a  week. 


3. 1,  3.  3  Fixturing  and  Torch  Access  Considerations 

Keyhole  mode  plasma  welding  arcs  require  clearance  for  the  plasma  flame 
that  streams  through  the  keyhole.  Figure  15  illustrates  one  workable 
plasma  flame  clearance  groove.  Weld  procedures  for  circumferential 
welds  were  developed  using  this  fixture.  The  use  of  exact  procedures 
developed  on  this  fixture  produced  a  hotter  puddle  and  keyhole  than  expected 
on  the  pressure  vessel  weldments  (Volume  III);  it  is  suspected  that  the 
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plasma  flame  impinging  on  the  copper  floor  plate  of  this  fixture  may  be 
providing  a  parallel  weld  current  path  that  could  be  reducing  the  effective 
melting  current  level.  For  straight  seam  welds  in  a  production  shop,  a 
fixture  of  this  type  milled  from  solid  carbon  steel  would  seem  to  be  adequate; 
however,  direct  application  of  keyhole  weld  procedures  developed  on  a  tool 
such  as  this  for  untooled  product  weldments  should  be  approached  with 

_ caution. — Figures  16,  17,  68,  and  69  show  tool  configurations  sue c e s sf ully 

used  for  plasma  arc  welding. 

The  size  of  the  plasma  torch  orifice  end  is  a  definite  consideration  in  de¬ 
signing  weld  tooling.  The  minimum  spacing  for  holddown  bars  would  most 
likely  be  limited  by  the  width  of  the  trailing  shield.  Welding  applications 
of  the  PT-8  and  U-5T  torches  on  sheet  metal  joints  that  are  normally 
tooled  for  maximum  chill  in  the  weld  area  were  not  extremely  successful 
because  torch  orifice  end  size  limited  minimum  chill  bar  spacing. 
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Figure  68,  Weldment  Assembly  and  Tack  Weld  Tooling 
Employed  to  Fabricate  Spherical  Pressure  Vessels, 
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Figure  69.  Weldment  Rotating  Tooling  Setup  Employed 
For  Plasma  Arc  Welding  Spherical  Pressure  Vessels. 
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SECTION  IV 


SUMMARY  AND  CONCLUSIONS 


Keyhole  mode  welding  conditions  were  developed  using  square  butt  joints  for 
flat  position  single  pass  welds  in  0.  250- in.  thick  6A1-4V  titanium  plate. 

Welds  were  made  at  speeds  of  6,  12,  and  18  ipm;  slight  top  bead  underfill 
was  present  in  welds  made  at  all  speeds.  A  cover  (cosmetic)  weld  pass  was 
required- to  eliminate  this  condition;  small  amounts  of  filler  wire  addition 
during  the  cover  pass  produced  a  satisfactory  weld  top  surface.  Horizontal 
position  welds  in  this  material  were  satisfactorily  cover-welded  using  a 
two  pass  procedure,  without  filler  wire  addition. 

Circumferential  weld  procedures  were  developed  for  square  butt  joints  in 
6A1-4V  titanium  in  the  0.  250- in.  thickness  range  at  12-ipm  weld  speed.  It 
was  found  that  internal,  irregularity  shaped  voids,  caused  by  plasma  gas 
entrapment  could  occur  from  3/8  to  1-1/2  in.  past  the  keyhold  withdrawal 
point;  these  voids  were  the  major  quality  problem  encountered  during  develop¬ 
ment  of  circumferential  weld  procedures  for  this  material.  Welding  conditions 
and  timing  were  determined  that  yielded  15  sound  overlaps  in  15  flat  position 
tests,  and  4  sound  overlaps  in  4  horizontal  position  tests  using  the  PT-8  torch. 
Another  way  of  stating  the  flat  position  data  is  to  estimate  success  potential; 
for  instance,  the  15  out  of  15  data  block  justifies  a  prediction  that  9  out  of 
every  10  welds  made  with  this  procedure  will  be_sntmd.  -w.ith  an~&Q% 
level.  The  success  potential  data  reflect  the  uncertainty  associated  with 
making  statistical  estimates  from  a  relatively  small  sample  population. 

The  quality  of  keyhole  mode  plasma  arc  welds  in  titanium  was  exceptionally 
high.  The  incidence  of  weld  porosity  was  negligible;  in  102  ft  of  weld  metal 
X-rayed,  only  4  cases  of  porosity  were  found,  all  within  acceptable  size  limits. 
Of  the  4  cases,  3  were  individual  pores  less  than  0.  030  in.  in  diameter;  3 
cases  were  in  horizontal  position  welds  (which  comprised  less  that  15%  of  the 
total  weld  footage  inspected  by  X-ray).  No  cracks,  tungsten  inclusions, 
nonmetallic  inclusions,  or  other  internal  weld  defects  were  found  in  these 
welds.  Root  bead  grain  boundary  fissures  were  not  found  in  plasma  arc 
welds,  but  have  been  noted  in  GTAW  welds. 

Repair  of  gas  entrapment  voids  in  0.  25-in,  -thick  titanium  was  accomplished 
by  simply  rewelding,  using  the  keyhole  mode  circumferential  weld  procedure. 
The  tensile  and  PCI  properties  of  welds  repaired  in  this  way  were  not  measur¬ 
ably  effected.  Voids  in  the  keyhole  initiation  zone  can  also  occur  by  entrap¬ 
ment  of  plasma  gas,  but  are  not  serious  quality  problems  because  they  can 
be  eliminated  easily  during  the  keyhole  overlap  weld. 
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Mismatch,  gaps,  and  combinations  up  to  0.  080-in.  mismatch  and  0.  070-in. 
gap  were  keyhole  welded  using  circumferential  welding  conditions  without 
melting  holes  in  the  weld  joint.  Mismatch  alone  up  to  0.  080  in.  was  keyhole 
welded  in  the  flat  position  without  root  bead  concavity.  Gaps  alone  up  to 
about  0.030  in.  were  welded  without  significant  root  bead  concavity. 

Tensile  properties  of  plasma  arc  welds  in  solution- treated  and  a.g«d  6A1-4V 
titanium  plate  exhibited  ultimate  tensile  strengths  ranging  from  157  to  162 
ksi  at  elongations  greater  than  6.  5%  in  1  in.  The  tensile  testing  accomplished 
on  this  material  produced  no  weld  strength  data  equal  to  100%  of  parent  metal 
strength. 

Precrack  Charpy  impact  values  were  significantly  higher  in  titanium  weld 
metal  and  heat-affected  zones  than  in  the  parent  metal,  for  all  plasma  arc 
welds  tested.  The  plasma  weld  PCI  data  were  also  quite  high  compared 
with  other  heats  of  6A1-4V  titanium  parent  metal  heat-treated  to  the  same 
strength  level.  Specimens  from  several  of  the  plasma  arc  welds  evaluated 
by  tensile  and  PCI  testing  were  submitted  for  interstitial  gas  analyses;  these 
analyses  all  suggest  that  the  keyhole  mode  plasma  arc  actually  extracts 
oxygen  from  the  weld  metal.  The  weld  fusion  zone  in  these  weldments 
exhibited  oxygen  contents  from  25%  to  40%  less  than  the  parent  metal;  oxygen 
content  of  parent  metal  was  measured  at  2000  ppm  by  two  laboratories.  The 
precrack  Charpy  values  for  weld  areas  and  parent  metal  are  in  good  agreement 
with  gas  analyses;  published  data  also  suggest  notch  toughness  is  inversely 
proportional  to  interstitial  content  in  titanium  and  its  alloys. 

Transweld  fatigue  properties  of  piaBma  arc  welds  Tn  0.  25-ih.  -thick  6Al-4V 
titanium  were  evaluated  using  a  uniaxial  specimen  (with  weld  reinforcement 
left  as  welded),  and  tens  ion- tension' loading  cycles.  The  fatigue  failures  in 
weld  specimens  all  began  at  the  weld  reinforcement  on  either  the  root  head 
or  the  top  bead  surfaces,  suggesting  the  discontinuity  effect  of  weld  reinforce¬ 
ment  is  a  significant  stress  concentration  factor.  Fatigue  life  was  evaluated 
at  levels  of  83%,  85%,  and  90%  of  uniaxial  yield  stress  (0.  2%  offset).  The 
data  indicate  that  fatigue  life  of  plasma  arc  welds  determined  as  described 
above  may  be  less  than  10%  of  the  parent  metal  life  at  similar  stress  levels. 

Circumferential  welding  procedures  were  investigated  for  welding  0.25-in.  - 
thick  Inconel  718  square  butt  joints  in  the  flat  position.  A  simulated  cir¬ 
cumferential  weld  was  satisfactory  by  X-ray  inspection,  but  exhibited 
cracks  in  the  weld  melt-thru  at  the  keyhole  withdrawal  point  after  penetrant 
inspection;  the  cause  of  this  cracking  was  not  determined.  Welds  in  this 
material  without  keyhole  overlap  areas  were  normally  defect  free;  some 
single  pass  welds  were  virtually  free  of  top  bead  undercut.  The  one  weld 
tested  exhibited  98%  to  100%  of  parent  metal  tensile  properties  after  suitable 
heat  treatment. 
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The  PT-8  and  U5T  torches  were  used  to  weld  square  huttjoints  in  0, 063-in, » 
thick  Rene  41,  using  a  melt- in  mode  arc.  The  results  were  not  very  success¬ 
ful  because,  to  provide  access  for  the  plasma  arc  torch,  the  hold-down  bars 
had  to  be  spaced  wider  than  desired;  the  result  was  ineffective  weld-zone 
chill.  The  distortion  encountered  was  thought  to  be  excessive. 

The  PT-8  torch  was  employed  for  about  80%  of  the  welding  reported  in 
this  volume.  It  was  found  to  be  a  rugged  and  flexible  torch  with  apparently 
satisfactory  weld  schedule  repeatability  characteristics,  particularly  for 
circumferential  welds.  In  straight  seam  keyhole  mode  welds  in  0.  25- in.  - 
thick  titanium,  the  nominally  optimum  weld  s  chedule  can  vary  over  relatively 
wide  limits,  i.  e. ,  ±  10  amp  (220  amp),  ±  1/2  ipmweld  speed  (12  ipm), 

±  1/2  cfh  orifice  gas  flow  (16  cfh),  and  ±  1/16-in.  torch  standoff  (1/4  in.}. 

The  U-5T  torch  was  used  for  about  20%  of  the  welding  reported  in  this  volume. 
Inconsistency  in  the  keyholing  force  of  its  arc  developed  literally  overnight 
about  a  quarter  of  the  way  through  this  work.  The  cause(s)  of  this  behavior 
were  not  satisfactorily  explained  by  either  Thermal  Dynamics  or  Aero¬ 
jet;  therefore,  only  limited  additional  work  was  done  with  this  torch.  It  was 
not  possible  to  compare  the  U-5T  in  equivalent  terms  with  the  PT-8;  therefore, 
comparative  discussion  and  conclusions  are  not  presented.  Based  on  results 
of  welding  investigations  reported  in  this  volume,  the  PT-8  torch  seems  to  be 
a  more  consistent  plasma  arc  welding  torch. 


The  weld  top  surface  coverage  provided  by  standard  gas  shields  on  both 
torches  was  unsatisfactory  for  the  materials  on  which  weld  results  are 
reported  in  this  volume.  Both  torches  were  readily  adapted  to  a  trailing 
shield,  which  provided  suitable  weld  top  surface  coverage. 

Arc  starting  was  found  to  be  inconsistent  with  either  the  PT-8  or  U-5T 
torch  at  standoff  distances  in  excess  of  1/8  in. ,  particularly  in  horizontal 
position  welds.  This  was  possibly  caused  by  the  limited  open  circuit 
voltage  available  (62  vdc). 

Some  form  of  automatic  control  may  be  desirable  for  controlling  torch 
standoff  in  plasma  arc  welding  applications.  The  effects  of  torch  component 
manufacturing  tolerances,  and  electrode  shape  and  setback  tolerances  on  arc 
voltage  in  plasma  torches  were  not  evaluated  during  this  program.  These 
factors  may  seriously  influence  the  consistency  of  plasma  torch  arc  voltage; 
torch  standoff  control  predicated  on  using  fixed  reference  voltage  settings  for 
AVC  application  could  be  subject  to  similar  inconsistency.  Possibly  a  better 
method  of  automating  torch  standoff  control  would  be  to  employ  an  electro¬ 
mechanical  distance  transducer  to  develop  a  proportional  signal,  independent 
of  art  voltage  inconsistencies,  for  AVC  system  input. 
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Comparisons  of  fusion  welding  processes  based  on  similar  product  weldment 
applications  show  that  plasma  arc  welding  offers  the  fabricator  substantial 
quality  and  cost  benefits,  particularly  for  making  butt  welds  in  titanium  and 
its  alloys  in  the  0,  090-  to  0,  50-in.  thickness  range.  Plasma  arc  welds  in 
0.  25- in.  -thick  titanium  can  be  produced  in  one  third  the  time  required  for 
GTAW  welds.  Plasma  arc  weld  quality  and  properties  are  at  least  equal  to, 
and  are  probably  slightly  higher  than  those  ofGTAW,  GMAW,  or  electron — 
beam  welds  in  this  material.  Other  fusion  welding  processes  suitable  for 
titanium  have  not  exhibited  the  weld  metal  gas  depletion  effects  that  were 
found  with  the  keyhole  mode  plasma  arc.  Because  weld  metal  toughness  was 
significantly  improved  without  degrading  tensile  properties,  it  would  appear 
that  this  effect  is  another  of  the  desirable  process  characteristics  of  plasma 
arc  welding. 

Aerojet  experience  with  specific  plasma  arc  welding  equipment  and  applications 
evaluated  on  this  contract  has  been  examined  at  length.  The  equipment  is  a 
little  more  complex  than  GTAW  or  GMAW  equipment,  but  is  judged  to  be  less 
complicated  than  that  used  for  electron  beam  welding.  Welding  operator 
requirements  for  plasma  arc  equipment  and  procedures  are  not  much  different 
than  for  sophisticated  GTAW,  GMAW,  or  electron  beam  operation.  It  is 
felt  that  an  operator  of  mechanical  plasma  arc  welding  equipment  should  have 
some  previous  automatic  welding  experience  using,  a  gas  shielded  welding 
process. 
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Table  I-  1,  Welding  Conditions  Employed  for  Plasma 


Purpose 
cf  Teat 


Weld  schedule 
development 
Weld  schedule 
development 
Evaluate  weld 
epeede 

Evaluate  weltl' 
ape  eda 

Weld  schedule 

[development 
Orifice  gee 
evaluation 

Trailer  shield 
Trailer  shield 
Evaluate  standoff 

Weld  schedule 
tjevelapment 

Evaluate  weld 

speeds 

Evaluate  standoff 


(Evaluate  start 
jcimditioce - 


Material  Description 
end  Hret  Number 


Mill  snneeUd, 
G- 2 did 


Weld  in  puts 


Evaluate  etert 
condition* 


Mill  annealed, 

G-2266 

No  heat  number 
No  heat  number 

No  heet  number 

Mill  annealed. 

<3-2266 


Mill  annaali  ’ 
0-2266 

Mill  annealed, 
0-2190 


MUl  annealed. 
0-2190 


Joint  Configuration 


V -Groove 
;1  tided 
Angle 
(deg) 


Thic  knots 
(in.) 


Weld  in  piece 


Root 


6.26 


0.26 

0.125 

0.125 

0. 126 
0,26 


0.  26 


Torch  Setup  Cube 

Electrode  Configunttoa  L 

Included 

End 

Wald 

Identification 

Torch 

Type 

Orifice 

Standoff 

Distance 

(in.) 

Die 
<in.  > 

Tip 

Angle 

(deg) 

net 

Die 

(in. ) 

Setback 

Distance 

TiAl-1-1 

FT 

-8 

136 -M 

3/16 

1/8 

• 

• 

1/8 

T1A1-1-2 

- 

T1A1-2-1 

- 

- 

T1A1-2-2 

- 

- 

T1A1-3-1 

- 

a. 

TlAl-3-2 

3/16 

- 

- 

T1A1-4-1 

1/8 

- 

- 

T1A1-4-2 

- 

- 

TlAl-S-l 

136-M 

- 

* 

T1A1-6- 1 

136 -M 

_ 

. 

‘  T1A1-7-1 

1/8 

~ 

- 

TlAl-8-1 

136-24 

1/8 

1/8 

. 

i/e 

T1A1-9-1 

hum 

3/32 

3/32 

* 

7/64 

T1A1-10-1 

pt-8 

lll-M 

3/32,1/8,5/33 

3/32 

- 

- 

7/64 

TlAl-11-1 

U-ST 

1/8 

1/8 

1/8 

'  - 

- 

1/16 

tiai-u-2 

- 

■ 

TlAl-12-1 

. 

- 

TiAi-12-2 

- 

— 

T1A1-U-3 

— 

— 2/a  1 

T1AI-13 

1/16.3/32, 

' 

„ 

T1A1-13 

1/8,3/16.1/4 

“ 

_  ,1  lAi**-.  1  — 

*riAl-i4«$-2 

— — . 

. 

- 

TIA1-14-S-3 

- 

T1A1-14-S-4 

- 

- 

TlAld.H-S-5 

• 

TIAl. 14-6-6 

~ 

- 

TIAI-15.S-1 

- 

“ 

riAl-lS-S-2 

* 

- 

TIAI-13-S-3 

• 

- 

T1A1-15-S-4 

- 

- 

T1A1-15-S-S 

.  - 

----» - 

— 

T1AI-15-S-6 

- 

* 

T1A1-16-S-1 

* 

- 

TIA1-16-S-2 

- 

- 

T1A1-I6-S-3 

- 

- 

T1A1-16-S-4 

- 

'  • 

T1A1-17-S-1 

- 

- 

T1A1-17.S.2 

- 

“ 

T1A1-17-S-3 

- 

“ 

T1A1-1T-S-4 

- 

- 

T1A1-17-S-5 

_ 

- 

* 

T1A1-I7-S-6 

U-5T 

1/8 

- 

- 

1/16 

T1A1-18-S.1 

PT-S 

136-M 

- 

• 

1 

S 

T1AI-18-S-2 

- 

- 

TIAUI8-S-3 

* 

- 

T1A1-19-S-1 

- 

- 

TUU19-S-2 

- 

* 

TiAi-i9-S-3 

PT-8 

136-M 

IJ  8 

1/8 

L_ 

A  r 


A 


fc:S 


I 


* 
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Table  I-  L  Welding  Conditions  Em^.oyed  for  Plasma  Arc  Welding  hi 


Material  description 
and  Heat  Number 


Evaluate  atart 
condition# 


MUl,  annealed 
G-226C 


Evaluate  start 
condition* 

Evaluate  weld 

condition# 

Evaluate  atart 
condition* 


Evaluate  atart 
conditions 

Firat  butt  weld 


Evaluate  standoff 

Evaluate  weld 
condition 

Evaluate  weld 
condition 

Evaluate  atart 
condition 


Mill,  annealed 
G-2266 

Mill  annealed, 
G-2190 


Joint  Configuration 


V -Groove  Root 

Included _ Land _ 

Angie  Thickness 

(deg)  (in.) 


Weld  in  plate 


Weld  in  plate 
0.  156  hole* 


Wald  in  plata 
0.  156  hole* 


q  butt,  0.  080 
x  0.  080  hole 

q  butt,  0. 080 
x  0. 080  hole 

eld  in  plate 
0, 080  x  0.  080 
_hol* — 
eld  in  plate 
atart  hole 

eld  in  plate 
!b<  hole* 


Evaluate  atart 
condition* 


Mill  annealed, 
G-2190 


Weld 

Identification 


TIAUZ0-S-1 

T1A1-20-S-2 

TIA1-20-S-3 

TLA1-21-S-1 

T1AU2US.2 

TIA1-21-S-3 

T1AU22-5.1 

T1A1-22-S-2 

TIA1-22-S-3 

T1A1-22-S-4 

T1A1-23-5-1 

T1A1-23-S-2 

T1A1-23-S-3 

T1A1-23-.S-4 

T1A1-23-S-5 

T1AU23-S-6 

T1AU24-1 

T1A1-25-S-1 
T1A1-25-S-2 
T  IA1-25-S-3 
TIAU25-S-4 
TlAi-25-S'5 
T1A1-Z5-S-6 
T1A1-26-S-1 
T1A1 -26-5-2 

^rATi2T-S-T 

TIA1-26-S-4 

T1A1-26-S-5 


TU2-2-1 

T1A2-2-2 


T 141-28-1 
TXiU-28-2 

TiAi-28-S-l 
T1A1 -28-S-Z 
T1A1 -28-5-3 
Ti  A1-28-S-4 
T1A1-28-S-5 
T1A1-29-S-1 
TlAfr-29-S*2 
T1AU29-S-3 
T1A1-29-S-4 
T1AI-29-S-S 
TiAt-30-1 

TIAi-30-2 

TiAi-30-3 

T1AI-30-4 

T1AW30-5 


Torch  Setup  Data 


Electrode  Configuration 
Included  End 

^Standoff-  "  Tip  "  Flat  Setback  I 

Distance  Dla  Angle  DU  Distance  | 

(in.)  (in. )  (deg)  (in. )  (in.)  |  Type 


1/8 

3/16 

3/16 

1/16 

1/8 

3/32 

3/16  3/32 


3/32  Ar 


Table  I-!.  Welding  Conditions  Employed  for  Plasma  Arc  Weld 


■ 

- Purpose - 

Of  f  €«t 

- Materiel  Description - 

and  Heat  Number 

Evaluate  weld 
condition 

Mill  annoolod,  0-2266 

I 

Evaluate  orifice 
gift  and  wire  feed 

Evaluate  weld 
condition 

Evoluoto  a  tort 
condition 

Evaluate  wire  feed 

Mill  annealed.  G-2266 

Evaluate  weld 
condition 

No  beat  number 

Evaluate  weld 
condition 

Evaluate  start 

No  heat  number 

Mill  annealed.  G-2266  _____ 

V -Groove 
Included 

Rant 

Land 

— Angle 
(deg) 

Thickneia 

(in.) 

WevJ  in  plate. 
1/8  halo* 

Wold  in  (dot*, 
1/8  halo* 

Wold  in  (MW, 
0, 186  halo 
Sq  butt 

Sq  butt 
0. 156  hole 

Wold  in  puts, 
0. 156  hole 

Wold  in  plat* 


|  Wold  in  pinto 
Wold  in  ohnot 


Weld  in  ohnot 
SO-feutt — _ J 


— Wold 
IdontiXicotion 


T1A1.31-1 

T1A1-31-2 

T1AI-J8-1 

T1A1.32.Z 

T1A1-33-1 

T1A1-33-Z 

T1A2.3-1 

T1A2-3-2 


T1A1-35-1 

T1A1-35-2 

T1A1-35-3 

T1AU35-4 

T1A1-36-1 

TIAI-J7-1 

T1A1.38.1 

T1A1-38-2 

T1A1-39-1 

TIAl>»»-2  ... 

T1A1-40-1 

TlAl-40-2 

TIA1-40-3 


T1A2-41-S-2 

TIA2-41-S-3 

T1A2-41-S-4 

T1A2-41-S-5 


T1A2-43-S-1 

TIA2-43-S-2 

T1A2-44-S.1 

T1A2-44-S-2 

T1A2-44-S-3 

T1A2-44-S-4 

T1A2-45-1 

T1A2-45-3 

T1A2-4S.3 

T1A2.46.1 

TIA2-46-2 

T1A2-46-3 

T1A2-47.S-1, 


Torch  Setup  Onto 


Elottrodo  CantiguroUon 


U-5T  3/^2 

U-5T  3/32 
PT-8  136-M 


Included 

Standoff 

Tip 

Distance 

DU 

Angle 

(i».) 

<i«J.) 

(dog) 

3/16 

3/32 

- 

U.5T  1/16 


U-5T  3/32 


Oiotnnco 

(in.) 


3/16.1/4 

3/16.1/4 


T  A 

3/32  H< 


3/32 

d— — 70- 


1/8  70 


1/32  1/8 


4 


Table  1-1*  -Welding  Conditions  Employed  for  Plasma  Arc  Welding  6A1-4' 


P'urpnee 
of  Teat 


Material  Description 
and  Heat  Humber 


Joint  Configuration 


V- Groove  Root 

Included - ; — brad - 

Angle  Thickneee 

(deg)  Oft.) 


Weld 

Identification 


Orifice 

StAjidafi 

Di.Unct 

(io,> 

Torch  Setup  Data 


Elect  red  a  Configuration 


Included 

Tip 

Angle 

(deg) 


Setback 
Distance 

Uft»)  Type 


Evaluate  overlap  |  Mill  annealed,  G-Z266 
condition  ] 


Evaluate  weld  Mill  annealed,  G-2190 

condition 

Evaluate  atari  MU!  annealed,  G-2190 

condition 


Evaluate  overlap  Mill  annealed,  0-2190 
condition 


ensile  properties  I  Condition  ST  A  293281 


loriaoatai  position  Mill  annealed,  G-2190 

Evaluate  weld  Mill  annealed,  G-2190 

audition 


Table  1-1.  Welding  Conditions  Employed  for  Plasma  Are  Welding  6AI- 


Pttrjon 

c!  test _ 


Evaluate  start 
tMfltim 


Enltwti  «W 
condition 


Enluti  start 
condition 


Utttrisi  Description 
- and  Heat  Number 


Mill  anna  sled,  0.2130 


Joint  Cant 


V-Oroovs  I  Root 
Included  j  Mad 
As|k  llUdusti 
—  (In.) 


Mill  annealed,  0-2266 


Evaluate  overlap  I  Mill  annealed,  0-2246 


SteTi  23328) 


STA  30225? 


T  Ji  A2 t 
TIA2-64-S-2 
T1A2-64-S-3 
T1A2-65-S-1 
T1A2-65-S-2 
T1A2-45-S-3 

T1A2-66-5-1 

TIA2-66-S-2 

T1A2-44-S-3 

T1A2-67-1 

T1A2-68-1 

T1A2-69-I 

T1A2-74-S-1 

T1A2-7S-S-2 

TIA2-74-5-3 

T1A2-73-1 

T1A2-75-2 

T1A2.75-S 

T1A2-74-1 

T1A2-74-2 

T1A2-76-3 

T1A2-77-1 

TlAA-77.2 

T1A2-78-1 

T1A2-78-2 

T1A2-78-3 

TIA2-78-4 


TIA2-73-1 

T1A2-7S-2 

TZA2-10-S-1 
T2A2-10-B-2 
T2A2-I0-S-3 
T2A2-11-S-1 
T2A2-11-S-2 
T2A2- 11-5-3 

T2A2-12-S-1 

T2A2- 12-5-2 

T2A2-12-S-3 

T2A2-13-1 

T2A2-13-2 

T2A2-13-3 

T2A2-14-1 

T2A2-14-2 

T2A2-14-3 

T1A2-79-J 

T1A2-73-4 

T2A2-15-1 

T2A2-15-2 

T2A2-15-3 


3/14  (  3/32 


3/)6  3/32 
1/4  1/8 


3/16, 1/4 
1/4 


6 


159,160 


Table  1-1.  Welding  Conditions  Employed  for  Plasma  Are  Welding 


— &U»«rt*T?WJerlpH6S 
and  Heat  Ntuabtt 


STA  30225?.' 


Root 

Land _ 

Thickaee  j 
fin.) 


STA  3022$? 
STA  Ti  253281 


STA  Ti  293281 
STA  Ti  302257 


STA  Ti  302257 
STA  Ti.  0-4954 


STA  Ti.  0-4956 
Mill  uuiltd,  C-2266 


Mill  annealed.  0-2266 


Wald 

UeatUication 

T2A2-16-S-1 
T2.52-16.S-2 
T2A2-16-S-3 
T2A2-17-1 
!  T2A2-17-2 
T2A2-17-3 
T2A2-18-S-1 
T2A2-1S-S-2 
T2A2-18-S-3 
TZA2-19-S-1 
T2AZ-19-S-2 
T2A2-19-S.3 
T2A2-20-1 
T2A2-20-2 
T2A2-20-3 
T2A2-21-S-1 
T2A2-21-S-2 
T2A2-21-S-3 
T2A2-21-S-4 
T2A2-21-S-5 
T2A2-22-S-1 
T2A2-22-S-2 
T2AZ-22-S-3 
T2A2-22-S-4 
T2A2-22-S-S 
T2A2-23-S- 1 
T2A2-23-S-2 
T2A2-23-S-3 
T2A2-24-S-1 
T2A2-24-S-2 
T2A2-Z4-S-3 
T2A2-24-S-4 
T2A2-25-1 
T2A2-25-2 
T2A2-25-3 
T2A2-25-4 
T2A2-26 
T1A2-S0-1 
T1A2-S0-2 
T1A2-81-1 
T1A2-81-2 
T1A2-81-3 
T1A2-81-4 
T1A2-82-1 
TIA2-82-2 
TIA2-82-3 
T 1A2-83-1 
T1A2-83-2 
T1A2-83-3 
TIAZ-S3-4 
TiAZ-84-1 
T1A2-84-2 
T1A2-85-1 
T1A2-86-1 
T1A2-86-2 
T1A2-84-3 


At 
He  5 
At 
At 
At 
He  5 
He  5 
AT 
Ar 
At 
He  51 
He  5< 
Ar 

— *J — 
He  51 
Ar 
At 
At 


r 


Table  I-  I.  Welding  Condi  s  Employed  for  Plasjim  Arc  Weldjng  i>Al- 


Material  Deacriptior. 
and  Heat  Number 


Mill  annealed,  0-226* 
STA  Ti.  0-4956 


Mill  annealed,  0-2190 
Mill  annealed,  0-2190 
Mill  annealed.  0-2190 
STA  Ti.  0-4956 


Torch  Setup  Data 


Electrode  Configuration 


Cover  weld  ecrap  Ti  ball 


Mill  annealed.  0-2190 


Keyhole 

Keyhole 

Keyhole 

Sq  butt 


Cover  veld  Mill  annealed,  G-2190 

procedure 

Evaluate  overlap  Mill  annealed 

aditlone 


STA  Ti,  G-4956 


Mill  annealed,  G-2190 


‘Evaluate  covar  Per  weld  identification 

Weld  condition* 


Sq  butt 
Covar  weld 

Cover  weld 
Cover  weld 
Cover  weld 
Cover  weld 


If  Standoff 

Torch - 4  Dietance 

Type  Orifice  ]  (in.) 


T1A2-86-4 

T1A2-86-S 

T2A2-27.1 

T2A2-27.2 

T2A2-27-3 

T2A2-27-4 

T1A2-8?-! 

T2A2-28-1 

T1A2-8S-1 

T2E2-1-1 
T2B2-1-2 
Cover,  no  wire  -1 
Cover,  wire  -2 
T2S2-2.1 
T2E2-2-2 
T2E2-2-5 
Cover,  -1 
C0verw6«fir*-2 

*11  Teat  No.  I 
*11  Teat  No-2- 1 
Cover  vo*wire-2 
Cover  w/wire-  3 

I  T1E2-1-1 
T1E2-I-2 
JSJafcldL— 
T1E2-1-4 
T1E2-1-5 

T1A2-89-1 
T1A2-89-2 
TIA2-89-3 
T1A2-90-1 
T1AZ-90-2 
TIA2-90-3 
T1A2-9U1 
T1A2-91-Z 
T1A4-91-3 
T2A2-28-1 
T2A2-2S-2 
T2A2-28-3 
TIA2-92-1 
TiA2-92-2 
T IA2-92-3 

-1  wiw  on 
T2A2-28 
- 1  wire  on 
T1A2-91 
-3  wire  on 
TZA2-92 
»X  wire  on 
TiA2-89 
-2  wire  on 


Included 

Tip 

1  End 

FUt 

Angie 

(deg) 

Din- 

(in.) 

S*tb*tk 

Oietenee 

(U.) 


163, 164 
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Table  I- 1,  Welding  Conditions  Employed  ior  Haema  Afc  Weldini 


Material  Oetcription 
and  Heat  Number 


Evaluate  overlap  STA  Ti,  0-4956 
condition! 

Evaluate  mecbani-  STA  Tit  G-4956 
cal  properite# 


_  Joint  Configuration 

V -Groove 

Angle  |  Thtckneaa 

(deg)  I  (in.) 


Weld 

Identification 


Griiice 

Standoff 

DMtance 

(in.) 

Electrode  Configuration 


— End - 

Plat  Setback 
Die  Dtetance 
(la. )  (In.)  Type 


Evaluate  street 
relief  cycle# 

Evaluate  borlaontal  Mill  annealed,  G-2190 
poeition  weld 


Evaluate  mecKeoi-  STA  Ti,  0-4956 
cal  properties 


Checkout  weld  Mill  annealed,  G-2266 
schedule 

Evaluate  Effecte  of  STA  Ti,  G-4956 

Heat  input  on 

propertie* 

Evaluate  weld  and  Mill  annealed,  G-2190 
overlap  condition 


Evaluate  weld  and 

overlap  condition  Mill  annealed,  G-2190 


Table  1-2.  Welding  Conditions  Employed  for  Fla  si 

Nickel  B&ae  Alloys. 


Evelttate  torch 

shield  gas  cop* 

Evaluate  weld 
condition 


-  Materiel  Description 
md  Host  Number 


Inconel  718 


V-Oroove 

Included _ 

Angle  |  Thickness 

<deg)  I  (in.) 


Weld  in  plate  0. 25 
Weld  In  plate 

Sq  butt 
Cover 
t>  q  butt 


EveluMe  tensile 
properties 

Evaluate 

wsldlng 

conditions 


Inconel  718 
Rene  41 


Rene  41 
Inconel  718 


Inconel  718 


Rene  41 
Rene  41 
Rene  41 
Inconel  718 


Inconel  718 


Inconel  718 


Weld 

Identification 


K1A1-12-1 

K1A1-1J-1 

K1A2-6-1 

Cover  *2 

K1A2-7.S-1 

K1A2-8-1 

KIA2-9A-1 

K1A2-9A-2 

K1A2.9A-3 

K1A2-9B-1 

K1A2-9C-1 

K1A2-10A 

K1A2.I0B 

K1A2-10C 

K1A2-U-1 
KlA2.il -2 
K1A2-12-S-1 
K1A2-12-S-2 

KlA2-i2.S.J 

K1A2-13-S-1 

KIA2-13-S-2 

K1AZ-13-S.3 

K1A2-14-S-1 

RIA2-S-1S 

R1A2-6-1 

7UA2-7.1 - 

R1A2-B-1 

R1A2-9-1 

K1A2-15-S-1 

K1A2.15.S.2 

K1A2-1S-S-3 

K1A2-15-S-4 

K1A2-16-S-1 

K1A2-16-S-2 

K1A2-16-S-3 

K1A2-16-S-4 

R1A2-16-1 

R1A2-11.1 

R1A2-12-1 

KiAZ-17-1 

K1A2-17-2 

KIA2-17-1 

K1A2-Z7-4 

K1A2.17.5 

K1A2-17.6 

KIA2-18-1 

K1A2-18-2 

K1A2-18-J 

K1A2-18-4 

K1A2-19-1 

Cover  -2 


Torch 

Type  Orifice 


PT-8  I  136-M 


Torch  Setup  Data 


Electrode  Coafiguretion 

I  Included  End 

Tip  Flat  Setback 

Angle  Din  Dietance 

(deg]  (in.)  (in.)  Type 


U-ST  3/32 
PT-8  lil.hf 
lU-M 
m-M 
136-M 


PT-8  138.M 


3/32 

Point  1/8 
Point 
Point 
1/32 


1/32  1/8 


^Conditions  Employed  for  Plasma  Arc  Welding 
Nickel  Base  Alloys . - 


: -  - - - 

1 

s 

i 

r - t - 

i 

i 

—  Tabic  1-2.  Welding-Conditions  Employed  frvrPTn eJ 

Nickel  Base  Alloys  (Continued).  J 

Purpote 
ef  Teat 


Material  D**crtpttoii 
and  Heat  Number 


V. Groove 
tool  uded 
Angle 
id**! 


Root 

Lend 

Thicks*** 

Urn) 


Evaluate  welding  Rue  «1 

condition*  > 


Rene  41 
Inconel  718 
Rene  41 


Rene  41 
Inconel  718 


Inconel  710 


Weld 

Identification 


RIA1. 1-0-1 

RtAt-1-0-2 

RlAl-2-0-1 

RlAl-2-0-1 

RIAl-l-i 

R1A1-4-1 

R1A1-4-2 

1UA1-4-3 

R1A1-4-4 

R1A1-S-1 

R1A2-1.1 

R1A1-7-1 

R1A1-7-2 

R1A2-2-! 

K1A1-1-X 

R1A1-9-1 

&1A1-9-2 

RIA1-9-3 

R1A1-9-4 

R1A1-I0-1 

R1A1-10-2 

RlAl-10-3 


R1AU1I-1 

RIA1-U-2 

RLA1-U.3 

R1A1-11-4 


K1A2-2-1 

K1A2-3A-1 

K1A2-3B-1 

KlAy-3C-l 

K1A2-4-1 

K1A2-5-1 

Cover  -i 


Conditions  Employed  for  Plasma  Arc  Welding 
Nickel  Base  Alloys  (Continued). 


TndiMf  twa 


Heeteode  C<Mlil*uriti»n 


_ X&cludcd 

Tip 

XH»  Angle 

(to. )  i&a$) 


Table  1-3.  Welding  Conditions  Employed  for  Plasma  A 

Miscellaneous  Materials. 


Purport 

at  tint 


Setup  condition! 
(or  welding  0. 062 
Sea*  41 


hiaterial  Description 
end  Heat  Humber 


24?  atainlee*  ateel 


Joint  Conlicuration 


V  -Groove 
Included 
Angle 
(deg) 


Torek  Setup  Data 


Biectrode  Configuration 


Setup  condition# 
{or  welding  proto¬ 
type  gae  turbine 

hardware 


347  atatnUs.  atari 
410  ataialeaa  ateei 


410  Teat  Part  Ho.]  410  etainlese  steal 


Setup  conditions 
tat  welding  pro¬ 
totype  gaa  tur¬ 
bine  hardware 


Ti  SAC-2.  S  SN 


Ti  5  AC -2.  S  SN 


Included - End - 

ftp  Plat  Setback  I 

Angie  Die  Oietance  j 

(deg)  (to. )  (in.)  (  Type 


1/S  He  75 

1/16  Ar 
1/16  At 
1/16  Ar 
1/16  Ar 

1/8  Hj  7.  5 


Table  1-3*  Welding  Conditions  Employed  for  Plasma  Are 
Miscellaneous  Materials  (Continued} 


PorpOM 
of  Test 


Setup  condition* 
tar  welding  pro¬ 
totype  get  tur. 

|  bin*  berdwer* 


Ti  Tent  Pert  No. I 
Ti  Tort  Pert  No.2 


Tt  Tent  Pert  No. 


4 


V -Groove  j  Root 
loci  tided  f  Lead 


Materiel  Deter  Iptiar.  j  Angie  j  ThrrVeeet  I  Weld 


end  He*t  Number 
Ti  5AC-2,  5  SN 

Ti  SAL-2.  S  SN 

410  tteisleae  »teel 

410  eteloleee  rteel 
TI  SAL-2.  5  SN 


(deg)  j  (in.)  j  IdentUicetioa 


|£q  butt 


0. 140  Ti  No.  11-1 

Ti  No.  11-2 

Ti  No.  11-3 

Cover  11-4 
Ti  No.  U-l 

'  Ti  No.  12-2 

0. 140  Cover  12-3 

.142/. 167  612537-300 

.  142/.  167  618537-500 

0.130  Weld  No-  16.  ( 

0.130  Weld  No.  16-2 

0.140  Weld  No.  17-1 

0.140  Weld  No.  17-2 

.130/.  175  Weld  No.  18-1 

i  130/'.  175  Weld  No.  18.2 

.  130/.  175  Weld  No.  18-3 

Weld  No.  18-1 

. 135/.  149  611537 


iitions  Employed  for  Plasma  Arc  Welding  for  Certain 
cellaneous  Materials  (Continued). 


orcb  Setup  Dai* 


iCtectred*  Conflgurattiao 


Welding  Coaditioai 


Socking  Bor 
Groove  ■ 
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GAS  SYSTEM  PLUMBING  LAYOUT 
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PROGRAMMED  EVENT  SEQUENCE 
UNDE  MISSILE  MAKER  NO.  17 
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AEROJET-GENERAL  CORPORATION 

CODE  1DENT.  NO.  05824 


AGC-36319B 
Amendment  8 
19  February  1965 


COMPONENTS,  MOTOR,  TITANIUM, 

. - — — FABRICATION  OF - ~ 


This  amendment  forms  a  part  of  Aerojet-General  Corporation 
Specification  AGC-36319B. 

Paragraph  2,2  Add: 

SPECIFICATIONS 

"AGC-36459  Cleaning,  Abrasive" 

Paragraph  3,11, 1  (  . 

Delete:  "...  M1L-P-116,  Method  C-lSor  C-16. " 

Substitute:  "...AGC-36459..." 

Paragraphs-  3-JUL-1-..1.  and.  3.1 1.2.  Delete . !. 

Paragraph  3. 11.3 

Delete:  ". .  .MIL-P-U6,  using  Method  C-15  or  C-16..." 

Substitute:  "...AGC-36459..." 

Delete  last  sentence. 

Authorised  for  Release: 
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A E ROJET-GE NERAL  CORPO RATION 

COM!  IDENT.  HO.  05824 


AGC-36319B 
Amendment?  — 

31  December  1984 


COMPONENTS,  MOTOR,  TITANIUM, 
FABRICATION  OF - 


Thie  amendment  forms  a  part  of  Aerojet-General  Corporation 
Specification  AGC-36319B.  P 

Paragraph  3. 8.4  Add  to  the  end  of  the  paragraph::  . .and  3. 9,2," 
Add  paragraph  3. 9. 2: 

Cladding  of  stress  relieving,  heat-treat  fi*t»i-»e.  - 
The  surfaces  of  the  stress  relieving  heat-treat  fixtures  'that  are  in 
contact  with  the  chamber  shall  be  clad  with  titanium. "  ♦ 


Authorized  for  Release: 


- — . — 

f'**'  J.  H.  Yetto,  Manager  f 
Specifications  and  Standards 
Solid  Rocket  Operations 
Sacramento  Plant 


AEROJET-GENERAL  CORPORATION 

CODE  IDENT.  NO.  05824 


AGC-36319B 

Amendment  6 - 

31  December  1964 


COMPONENTS.  MOTOR,  TITANIUM. 
FABRICATION  OP 


This  amendment  forms  a  part  of  Aerojet. General  Corporation 
Specification  AGC-36319B. 


Add  paragraph  3. 7. 10: 


*'3.7.10  Weld  repairs.  -  All  weld  repairs  shall  be  made 
under  the  supervision  of  a  welding  engineer.  " 


Authorised  for  Release:  > 


Specifications  and  Standards 


SBltd'RScItet  Operations 
Sacramento  Plant 
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CODE  WENT,  NO.  05824 


AGC-36319B 
Amendment  5 
31  December  1964 


COMPONENTS.  MOTOR,  TITANIUM, 
FABRICATION  OF 


Thle  amendment  form*  a  part  of  Aerojet-General  Corporation 
Specification  AGC-36319B.  P 

Add  paragraph  3.9.1: 

Crack* .  -  After  chamber  hydroprbof,  weld*  and  the 
parent  material,  1-1/2  in.  on  either  aide  of  the  center  of  the  weld*, 
ahall  be  radiographically  inspected  in  accordance  with  4. 3. 2.  Internal 
or  external  crack*  ahall  not  be  acceptable.  " 

Paragraph  4.4; 


Delete: _ 

Substitute: 


1 ’Critical 
"Critical 


None 

3.9.1 


None" 

4.3.2" 


Authorised  for  Release: 


J.  H.  Yetto,  Manager 
*'  Specifications  and  Standards 
Solid  Rocket  Operations 
Sacramento  Plant 


’ll 


i- 


AEROJET-GENE RAL  GOR PORATION 

CODS  IDENT.  NO.  058& 


AGC-36319B 
Amendment  4 
7  Cfct6ber~T985 
Superseding 
Amendment  3 
19  February  1963 


COMPONENTS,  MOTOR.  TITANIUM, 
FABRICATION  OF 


i.&Ib  amendment  forms  a  part  of  Aerojet- General  Corporation  Sped' 
fication  AGC-36319B. 

Paragraph  3*5. 1<  I  {a)  Delete  and  substitute: 

"GO  The  maximum  solution  heat  treating 
temperature  shall  be  at  least  35*  F 
below  the  beta  transits  for  that  particu¬ 
lar,  heat  of  material.  The  part  shall  be 
held  at  this  temperature  for  one  to  two 
hours. " 

P  '  V, 

Add  paragraph  3. 7. 4. 1: 


"3. 7, 4. 1  Weld  interruption.  -  If  welding  is  interrupted  during 
a  pass,  the  area  shall  be  routed  out  prior  to  reatnrHrtg  (5. 2.7). » 

e 

Paragraph  3.8, 1  Add  to  end  of  sentence:  "{5,Z,7)M 
Paragraph  3, 11  Delete  and  substitute: 

Cleaning  prior  to  hydrotest  and  prior  to  shipment. » 

"3. 11. 1  Cleaning  before  hydrotesting.  -  After  heat  treatment, 
the  chamber  girth  weld  and  heat  affected  cone  shall  be  cleaned  in 
accordance  with  Specification  MIL-P- 116,  method  C- 15  or  C-16,  to 
remove  all  traces  of  oxide  film  and  other  contamination. 

3.11.1,1  Blasting  material  particle  size.-  The  grit  blast¬ 
ing  material  shall  have  a  particle  sise  of  250  to  600  mesh, 

*'3. 11. 2  Cleanliness  acceptance.  -  The  grit  blasted  surfaces 
shall  be  acceptable  in  accordance  with  the  visual  and  wipe  test  as 
specified  by  Specification  MIL-P- 1 16. 
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Amendment  4 


”3.11,3  Cleaning  prior  to  shipment.  »  Prior  to  shipment,  the 
inner  and  outer^chamgerand  clog  u  r  c  wall  s .e  xc  hiding- mating-surfacea- 
or  any  surface  requiring  a  32  microinch  finish,  shall  be  cleaned  in 
accordance  with  Specification  MIL-P-116,  using  method  C-15  or 
C-16,  to  remove  all  traces  of  oxide  film  and  other  contamination.  The 
cleaned  surfaces  shall  be  acceptable  in  accordance  with  3. 11,2,  and 
the  material  used  for  blasting  shall  be  in  accordance  with  3, 11, 1,  l." 


Add  paragraph  5,2,7; 

"5.  Z,  ?  Weld  repair,  -  At  any  time  during  the  processing 
cycle  the  rewelding  of  a  completed  pass,  in  any  area  where  material 
removal  is  required  in  order  to  eliminate  an  unacceptable  welddefect, 
is  considered  a  weld  repair.  If  welding  is  interrupted  during  a  pass 
and  the  area  is  routed  out  prior  to  restarting,  this  is  dot  construed  as 
a  repair.  ” 


Authorised  for  Belease:  . 


. . ft 


,V>.  >f- 

;J,-4jr:-yetto^Mana^er 


^Specifications  and  Standards 
Solid  Socket  Plant 
iacranrento - ~ ' 
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AER0JET-6ENERA t  CORPORATION 

CODS  XDSNT.  NO.  CS8% 


AGC-36319B 

\  S  October  1$62 

Supe reeding 


ACC  -36319A 
20  June  1962 


PR  O  C  E  SS  SPEC  IFICATION 
COMPONENTS,  MOTOR,  TITANIUM,  FABRICATION  OP 


L  SCOPE 

'  1;  1  Thi®  specification  covers  the  fabrication  requirement* 

of  titanium  component*  for  solid  propellant  rocket  motor*. 

2.  APPLICABLE  DOCUMENTS 

2*  1  gP^rnroental  document*.  -  The  following  document*  of 
the  i**ue  as  listed  in  the  Department  of  Defense  Index  of  Specification* 
and  Standards  in  effect  on  the  date  of  invitation  fcr  bids  shall  form  a 
part  of  this  specification  to  the  extent  specified  herein. 

SPECIFICATIONS 

Military 


MIL- P- 11$ 

Preservation,  Method  of 

MIL- A  -4144 

Argon,  Gas  Welding 

MIL-T-5021 

Tests,  Aircraft  and  Missile  Welding 
Operator's  Qualification 

MIL-t-6866 

Inspection,  Penetrant  Method  of 

MIL-H-6875. 

Heat  Treatment  of  Steel 
(Aircraft),  Process  for 

MIL-W-9411 

Weapon  Systems;  Aeronautical, 

G  eneral  Specification  for 
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STANDARD 

*  •  '  , 

■  .  ■  Federal 

F  ed.  Teat  Method  Metals;  Teat  Method* 

Std.  No.  151 

.  (Copies  of  specifications,  standards,  drawings,  and  publication* 
required  by  contractor*  in  connection  with  specific  procurement 
functions  should  he  obtained  from  the  Superintendent  of  D  ocuments. 
Government  Printing  Office,  Washington  25,  D,  C,  )• 


2.1  Aerojet-General  Corporation  documents.  -  The  following 
document*  oFthe  latest  issue!  in  effect  form  e  part  of  this  specification 
to  the  extent  specified  herein. 


;  SPECIFIC  ATXO  NS 


AG  C -3400? 


ACC -36065 


Case  Parts,  Forged 
Titanium  Alloy 


AG  C -50014 


—  STANDARD 


AS  1701 


3.  REQUIREMENTS 


R  adiographe.  Weld} 

Inspection.  R  equirementa  for 

Wire,  Titenitw*  PSI  Minimum 


Electrode,  2%  Thoriated  Tungsten 


_ 3. 1  Materials.  -  The  material*  used  shall  be  titanium  alley 

forgings,  6Al-4V,'in  accordance  with  Specification  AG C  -34007, 

3*2  Specimens.  *  All  specimens  shall  he  supplied  as  an 
integral  part  of  the  forging.  The  specimens  representative  of  the 
final  part  shall  remain  a*  an  integral  part  through  the  solution  treating 
and  aging  operation*. 


I 
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3.  3  Hough  machining.  -  All  parts  shall  be  rough  machined 
to  the  same  thickness  as  those  parts  which  were  tested  in  accordance 
with  the  preproduction  testing  specified  in  Specification  AGC-34007. 
Enough  stock  shall. remain  so  that  a  minimum  of  0.  025  inch  of  material 
can  be  removed  from  alt  surfaces  after  heat  treatment.  Sufficient 
material  shall  be  left  as  an  integral  part  of  the  forging  so  that  tensile 
specimens  may  be  prepared  in  accordance  with  4.  3. 1  after  solution  heat 
treat  and  aging, 

3.4  Cleaning.  <»  Prior  to  being  heat  treated,  the  part  shall  be 
cleaned  in  such  a  manner  as  to  be  acceptable  in  accordance  with  the 
visual  test  for  determination  of  cleanliness  as  specified  in  Specification 
MI2,-P«116.  Subsequent  handling  shall  be  done  while  using  clean  gloves, 
clean  handling  devices  and  containers,  and  other  means  as  necessary 
to  prevent  contamination  of  the  part. 

3* 5  H»at  treatment.  -  The  part  shall  be  heat  treated  in  such 
a  manner  that  after  stress  relieving,  the  part  shall  have  the  following 
mechanical  properties: 


(a)  Yield,  psi,  min  155, 000  ' 

(b)  Ultimate  strength,  psi  165,  000  to  ISO.  000 

<c)  Elongation.  %,  min  8 

-3,5,1  Heat  treat  procedure. «-  . 


3* 5* l* 1  Solution  treatment..  The  part  with  sufficient  material 

lution  heat  treated  as  follows: - 


(a)  The  solution  heat  treating  temperature  shall 
be  35  to  6©"F  below  the  beta  transus  for  that 
particular  heat  of  material.  The  part  shall  be 
held  at  this  temperature  for  1  to  2  hours. 

(b)  The  part  shall  be  quenched  in  vigorously  agitated  * 

.  ,  water  or  a  -a olution  of  three  percent  sodium 

hydroxide  in  water  at  a  temperature  leas  than 
;  120PF.  The  part  shall  be  quenched  within  eight 

seconds  of  removal  from  furnace. 

,  3.5. 1.2  Aging  treatment,  -  The  parts  and  sufficient  material 

for  tensile  specimens  shall  be  aged  at  900  to  I150°F  for  a  minimum  of 
four  hours,  * 


3‘ 5* 1 ; 3  5i:aginS-  -  A  part  may  be  re-aged  within  the  limits 
of  this  specification,  if  the  part  is  rejected  after  initial  heat  treatment. 
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3«  5*  1. <  Temperature  control,  -  Furnace  temperature  surveys, 
determination*  of  furnace  temperature  uniformity,  mad  frequency  of  ~*r'~  “ 
check  ehall  be  In  conformance  with  Specification  MIL-H-6875,  except 
•  that  teet  thermocouple  distribution  shall  be  one  per  each  35  cubic  feet 
.of  furnace  volume , 

'  5. Z  Verification  of  mechanical  properties,  -  _  i  , 

properties  of  the  component  parts  shall  be  verified  before  welding  by 
testing  {4,3*  l)  of  three  tensile  specimens  which  have  been  solution  treated 
and  aged  as  an  integral  portion  of  the  rough  machined  forging.  The 
mechanical  properties  of  ail  three  specimens  shall  meet  the  require¬ 
ments  specified  in  3. 5.  If  one  of  the  three  specimens  does  not  meet  ;  : ‘  v 
the  requirements  of  3.5,  three  more  tensile  tests  shall  be  conducted.  * 

If. these  additional  three  specimens  satisfy  the  requirements  of  3.5  - 
the  component  part  shall  be  acceptable. 

3* 6  'Machining.  -  Where  applicable,  the  part  shall  be  maghfatari 
in  accordance  with  the  applicable  drawing.  ~  5 

3.7  Welding  requirements.  -  ’ 


iK  ;■ 

Si- 


"  i- 


-gV 


5*  7- 1  Voting  operator.  -  Welding  shall  be  perforated  \ 

by  welding  operators  who  are  currently  certified  in  accordance  wi^  '  i^' 
the  requirements  of  Specification  MXI^T-5021,  class  A,  group 
and  who  have  demonstrated  proficiency  by  producing  an  acceptable 
simulated  weld  joint  No.  7.  ,  t 


% 


'i  ^ 
1  ■ 


- -  SrTj~F~~Weldtn^~p»ocedUW.'^*^CwIHeh  weldfhg'evne'ii^tw^iwrfrv 

be  supplied  to  the  procuring  activity,  covering  technique  of  operations. 
Welding  parameters  shall  be  recorded  on  the  Automatic  Fusion 
Welding  Schedule  (see  figure  1),  Manual  Welding  Schedule,  or  similar 
form.  No  changes  in  the  welding  procedure  shall  be  initiated  tlmfiirg  ut~~' 
notification  has  been  submitted  to  the  procuring  activity.  ^ 


3. 7. 3  Identification.  -  The  identification  of  each  welder  ■ 
performing  the  welding  operation  shall  be  entered  on  the  weld  history 
sheets  and  planning  paper  applicable  to  each  unit. 

3.7.4  Welding  process.  -  The  welding  process  employed 
in  the  manufacture  of  this  unit  shall  be  the  tungsten  inert  gas  (TIG) 
method, manual  or  automatic. 


> 
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3. 7.  S  Filler  metal  and  electrode?,  - 

* 

3. 7. 5. 1  E  lectredes.  -  E  lectrodes  shall  conform  to  Standard 

AS  1701,  ” 

3. 7.  5.  2  Filler  metal.  -  Filler  metal  shall  conform  to 
Specification  AGC-50014  and  shall  be  stored  in  such  a  manner  as  to 
prevent  the  accumulation  of  dirt,  oil,  or  other  foreign  material, 

3. 7.  6  Shielding  gases,  -  Inert  shielding  gases  used  shall  be 
one  of  the  following; 

(a)  Argon,  conforming  to  Specification  MIL-A-4144 

(b)  Helium  -  grade  A,  U.  S.  Bureau  of  Mines 

* 

3.7,7  E  qulpment.  -  Welding  equipment  such  as  machines, 
regulators,  wire  feeds,  and' heads  shall  be  capable  of  making  satis** 
factory  welds. 

3. 7. 7. 1  Crater  elimination.  *  TIG  welding  equipment  shall 

have  a  suitable  means  for  crater  elimination  control.  * 

3. 7.  8  Preparation.  - 


,  3. 7,  8.1  Cleaning.  -  Prior  to  welding,  all  parts  and  filler 

metal  shall  be  cleaned  in  such  a  manner  as  to  be  acceptable  in  accor- 
dahcewItht&evXsu^andwipefe^ta^fbrdeferihihatlbnbfcleanliness 
as  specified  in  Specification  MIL- P-1 16, 

3, 7. 8. 2  Weld  alignment.  -  Parts  to  be  welded  shall  he 
assembled,  using  necessary  jigs  and  fixtures  so  that  alignment  and 
configuration  of  parts  will  conform  to  the  engineering  drawings. 

3.7.  8,  3  Weld  history.  -  Weld  history  sheets  similar  to 
figure  2  shall  be  maintained  for  each'  unit. 

3.7.9  Weld  characteristics.  -  Welding  shall  be  performed  to  the 
proficiency  and  quality  of  workmanship  as  defined  in  Specification  MIL¬ 
T-5021,  and  the  following. 
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,-V-  « **$>-*■ 


. f  • 


. *  3, 7. 9, 1  Internal  characteristics, -  When  inspected  In  '•'•.-.Y* 

.  accordance  with  ITSTST  ’  the  we  Ida'  «£all  have  the  following  internal 
characteristic*: 

3. 7,  9.1.1  Cracks.*-  Cracks  shall  not  h*  acceptable. - 

|‘  3. 7.9.1. 2  Imperfect  fusion.  -  Imperfect  fusion  shall  not  .  ' 

he  acceptable. 

3. 7. 9. 1.3  Incomplete  penetration.-  Incomplete  penetration 
•hall  not  be  acceptable  in  butt  welds  or  in  the  roots  of  fillet  welds. 

3. 7. 9. 1.4  Isolated  porosity.  -  Isolated  porosity  shall  be 

r  acceptable,  except  that  no  cavity  shall  be  over  0. 050  inch  in  diameter  ■* 
or  0. 4T,  whichever  is  smaller.  There  shall  be  no  more  than  four  : 
cavities  classified  as  isolated  porosity  in  any  linear  inch  of  weld  {5. 2. 2). 

3. 7. 9.  j.  S  1  Linear  porosity. »  Linear  porosity  shall  not  •  '  . 

be  acceptable  (5. 2. 5).  '  v/iy.  ’•••• 

3.  7.  9. 1.0  Scattered  porosity.  -  Scattered  porosity  shAthe  ■  1'-. 

:  ■  acceptable;,  provided  there  are  no  inore  than  20  cavities  per  linear  ..'vl' 

inch  of  weld. (5. 2. 3). ,  . . <  ■  • 

3. 7. 9. 1.7  Fine  porosity.  -  Fine  porosity  shall  be . — — 1 - — , — — 

-•TK«sptable^5;2.'f>F.‘""'  v  v 

3.7.9. 1.  8  Inclusions.  -  Inclusions  shall  be  acceptable  If’  the  "  , 

-  greatest  dimension  'of  any  inclusion  is  leas  than  0.  20  time  the  adjacent.  . 

.  parent  metal  thickness.  There  shall  be  no  elongated  inclusions  with  ,  ;v. 

sharp  tails. 

3. 7. 9.1.  9  "Weld  concavity.  »  Weld  concavity  shall  not  be 
acceptable  if  any  part  of  a  butt  weld's  surface  Is  below  ths  planes  of 

ths  surfaces  of  ths  mating  parts,  or  throat  of  any  fillet  weld  1*  less  «-:■ 

than  the  drawing  requirement  for  sise.  . 

. . . . . .  I  SIMS'  .  ■war 

3. 7. 9. 2  External  characteristics.  -  When  inspected  in  accordance 
with  4,3,3  and  4. 3.  4j'  the  welds  shall  have  the  following  external  characteristic*: . 

3, 7, 9. 2.1  Cracks,  -  Cracks  shall  not  be  acceptable.  If  hydrotest 
is  applicable  by  drawing  requirement  there  shall  be  no  cracks  before  or 
after  hydrotest. 
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3. 7. 9.  2.  2  Undercutting.  Undercut  weld*  shall  not  be 
acceptable  unless  the  undercut  is  removed  in  subsequent  machining 
operations. 

3, 7, 9. 2.  3  Cold  laps.  -  There  shall  be  no  cold  laps. 


3. 7,  9. 2. 4  Bead  width,  -  The  bead  width  shall  not  vary 
'  more  than  20  percent.""'' 

3, 7, 9. 2. 5  Weld  crown  removal,  -  When  weld  crown  is 
removed,  care  shall  be  used  to  avoid  reducing  the  parent  metal 
thickness.  Unless  otherwise  specified,  the  crown  should  not  project’-' 
above  the  adjoining  parent  metal  by  more  than  1  fib  inch. 

3.  8  Repair  welding.  -  Except  as  specified  in  3.  8. 5 ,  repair 
•.'welding  before  or  after  stress  relieving  shall  be  accomplished  using 
procedures,  materials,  equipment,  and  the  certification  of  welders 
as  specified  herein. 

3.  6. 1  Number  of  weld  repairs.  -  Unless  otherwise  specified, 
tit®  total  number  of  repairs  to  a  particular  weld  defect  shall  not  exceed 
three. .  '  . 

3.  8.  2  Disposition  of  weld  repairs.  -  Complete  records  shall 
be  maintained  on  repair  welds  as  specified  in  4,  2. 

3.  8.  3  Weld  repair  procedure.  -  Weld  repair  procedures  of 
incomplete  penetration,  porosity,  inclusions,  and  other  defects 
shall  be  prepared  and  submitted  to  the  procuring  activity  upon  receipt 
of  each  contract; 

3. 8. 4  Re- stress  relieving  of  repaired  stress  relieved  welds,* 
After  repairing,  the  completed  part  shall  be  re- stress  relieved.  R«» 
stress  relieving  shall  be  as  specified  in  3.  9. 

t  s 

3. 8. 5  Chamber  girth  welds  repairs.  -  Repair  of  chamber 
girthwelds  is  allowable  only  after  specific  authorisation  by  the  pro» 
curing  activity.  Written  weld  repair  procedures  shall  be  prepared 
by  the  fabricator  and  submitted  to  the  procuring  activity  prior  to  the 
repair  of  welds .  Complete  records  shall  be  maintained  on  weld 
repairs,  as  specified  in  4.2. 

3-  9  Stress  relieving.  -  After  welding  operation,  the  part 
shall  be  stress  relieved  at  the  lowest  aging  temperature  for  4  +  0.2 
hours.  .  “ 
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3. 10  Verification  of  mechanical  properties  of  final  assembly,  - 
Mechanical  properlie  a  of  the  fihar assembly  shall be  verified  by  testing 
(4.3. 1)  of  three  tensile  specimens  which  have  been  solution  treated  and 
aged  as  an  integral  portion  of  the  rough  machined  forging,  and  stress 
relieved  with  the  final  assembly,  The  mechanical  properties  of  all 
three  specimens  shall  meet  the  requirements  specified  in  3.5, 


3.11  Cleaning  prior  to  hydrotestlng.  -  After  heat  treatment 
the  part  shall  be  cleaned  in  accordance  with  Specification  MIL-P-1 15, 
method  C-15  to  remove  all  traces  of  oxide  films  and  other  contamination. 
The  part  shall  be  acceptable  in  accordance  with  the  visual  and  wipe 
test  as  specified  in  Specification  MXL-P-116. 

3.  II  Final  machining.  -  Where  applicable,  the  part  shall  be  _ 

machined  to  the  final  dimensions  in  accordance  with  the  applicable  drawing. 

3. 13  Final  cleaning,.  -  When  all  fabrication  and  inspections  have 
been  completed,  the  part  shall  be  thoroughly  cleaned  by  wiping  with  rags 
soaked  with  an  approved  solvent  (e.g.,  chlorothene,  trichloroethylene). 

The  part  shall  be  rinsed  with  methyl  alcohol  whenever  any  chlorinated 
solvents  are  used  to  clean  the  part.  The  part  shall  be  acceptable  in 
accordance  with  the  visual  and  wipe  test  as  specified  in  Specification 
MIL-P-116. 

4. 


for  the 


Fabricators  responsibility 


The  fabricator  is  responsible 
jiremonts  &nd  inspection - 


requirements  as  specified  herein.  The  fabricator  may  utilise  his  own 
or  any  other  inspection  facilities  and  services  acceptable  to  the  pro¬ 
curing  activity.  Processing  records  and  inspection  records  of  the 
examination  and  tests  shall  be  kept  complete  and  available  to  the  pro¬ 
curing  activity. 

- . -  4, 1.  i  Inspection.  -  Inspection  shall  be  performed  to  assure 

compliance  to  this  specification.  Records  of  such  inspection  shall  be 
maintained. 

'  4,2  Repair  records. »  Records  of  each  weld  repair  shall  be 
maintained  and  shall  be  made  available  to  the  procuring  activity.  The 
records  shall  include  the  following: 

(a)  Inspector's  name 

(b)  Heat  treat  condition  of  part  when  repaired 
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(c)  Part  number,  including  revision  letter  and 
serial  number 

(dl — Area-of  repair •  -  - - 

(e)  Number  of  times  repaired  in  given  area 

(f)  Cause  of  repair 

(gl  Extent  of  repair  inspection,  including  radiographs 

(h)  •  Results  of  inspection 

(i)  Brief  description  of  repair  technique 


4,  3  Test  methods.  -  The  follo^ng,  or  equivalent,  pro¬ 
cedures  shall  be  used  to  verify  that  the  process  is  in  conformance 
with  the  requirements  of  this  specification. 

4.  3, 1  Mechanlcil  properties.  -  Tensile  specimens  shall  be 
prepared  and  tested  in  conformance  "with  Standard  Fed.  Teat  Method 
Std.  No.  151,  method  211.1,  type  R  - 3. 

4.  3. 2  Radio  gra  phic  ins  pec  tion .  -  Radiographic  examination 
shall  be  conducted  in  accordance  with  Specification  AGC- 36065.* 

4. 3.  3  Penetrant  inspection.  -  Penetrant  inspection  shall 
be  performed  in  accordance  with  Specification  MIL-I-6866. 

4.  3.4  Visual  inspection.  -  Each  part  shall  be  visually 
inspected  to  determine  compliance  with  3.  7,  9.2. _ _ _ 

,  4. 4  Glassification  of  characteristics. -  The  requirements 

of  section  3  shall  be  classified  as  critical  or  major ,-as  defined  in - 

Specification  MIL-W-9411,  and  as  shown  below.  Those  require¬ 
ments  not  listed  shall  be  classified  as  minor,  or  as  specified  oh  the 
applicable  drawing  or  specification. 

Classification  Requirements  in  Section  3  Test  Method 


Critical _  None _ * —  None - - 

Major  3.5  4.3.1 

3. 7. 9.  1  4.  3.  2 

3.7.9.  2  4.3.  3»  4,3.4 


5.  NOTES 

5. 1  Intended  use.  -  This  specification  establishes  the  fabri¬ 
cation  methods  for  the  manufacture  of  a  titanium  rocket  motor 
component. 


5,  2  Definitfons.  -  Definition  of  terms  related  to  radiographic 
inspection  criteria  shall  be  as  follows: 
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5, 2, 1  Imperfect  fusion.  -  Imperfect  fusion  is  defined  as  a 
eoadition  where  the  weld  deposit  metal  fails  fd  melt  together  with  the 
bate  metal  or  previous  weld  deposit  over  the  entire  surfaces  exposed  . 
for  welding. 

5.  z.  t  isolated  porosity.  -  Isolated  porosity  is  defined  a*  s _ _ 

condition  existing  when  the  image  of  a  cavity  Over  0, 2T  in  diameter 
ia  farther  from  another  cavity  over  0. 2T  in  diameter  by  a  distance 
greater  than  the  average  of  the  diameters  of  the  cavities, 

5. 2. 3  Scattered  porosity.  -  Scattered  porosity  is  defined 

a*  a  condition  existing  when  there  are  images  of  two  or  more  cavities  ' 
with  diameter ©f-0. 2T  or  less. 

•  .  i 

5.2.4  T-thickness  of  weld.  -  The  Tithicknes#  of  weld  is 
the  thickness  of  the '  thinner  of  the  two  adjoining  edges  of  material  at 
the  weld. 

5. 2. 5  Linear  porosity.  -  linear  porosity  is  defined  as  a 
condition  existing  when  the  images  of  three  or  more  cavities  with 
diameters  greater  than  0.12T,  and  an  average  closest  approach  of 
less  than  twice  the  average  of  the  diameters,  are  located  in  approxi¬ 
mately  a  straight  line  along  the  center  line  of  the  weld. 

5.  2. 6  Fine  porosity.  -  Fine  porosity  is  defined  as  a  condi¬ 
tion  existing  when  the  image  of  a  cavity’is  0.  010  inch  or  less  in _ 

‘diarnfeterr 


Authorised  for  Release: 


etto.  Manager 
ring  Specifications 
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Figure  2 

_  P/N _  Machine  No. 


Material 

Unit  No. 


Joint  Configuration: _ 


Pass  Number 


Amperage 


Amperage  Control  Settin 


Arc  Voltage 


Arc  Voltage  Calibrate 


Welding  Speed  -  IPM 


Positioner  Control  Settin 


Wirefeed  Indicator  Speed 


Filler  Material  Type 


Filler  Material  Sire 


Electrode  Type 


Electrode  Size 


Torch  Cup  Size 


Shielding  (see  (A)  below 


Backup  or  Purge 


Trailing  Cu 


Type  of  Current 


Head  Scnsitivit 


Head  Down  Speed 


Weld  TravelDela' 


Wire  Start  Dela’ 


Current  Dela' 


•  Wire  Stop  Dela1 


Initial  Heat 


Up  Slope  Pre-heat  Rheostat 


Down  Slope  Decay  Rheostat 


Final  Heat 


.Tailing  Time 


Preheat  Temperature 


Interpass  Temperature 


Post  Heat  Temperature 


Wire  Guide  Tip  Size 


Carriage  Travel 


Fit  U 


Wire  Brush  Between  Passes 


-  use  followin 


mixture  helium 


Weld  Process 


Unit  No. 


Tooling  and  Special  Instructions 
1 .  Part  welded  per  EWP _ 


Welding  Eng. 
Welding  Op'r.' 


Welding  Insp. 


APPROVALS 
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Appendix  VII 

AGC- 13860 

RADIOGRAPHIC  ACCEPTANCE  LIMITS  FOR 
FUSION  WELD  JOINTS 


AOC-13060 


TABLE  X 

RADIOGRAPHIC  ACCEPTANCE  LIMITS  FOR  FUSIONS  WELD  JOINTS 
(Single  Typ  *  ftafecti) 


Weld  Claie 


Wald  Defect* 


YET 

ml 


Allowable  Acceptance  Limit* 


Wold  creek* 

Parent  metal  crack* 
Under  bead  cretar 
Worm  hole* 

Burn  through 
Incomplete  penetration 
Length 


Depth 

Incomplete  fuaicn 
Linear  porosity* 

Diam  of  cavity 
Diet  between  cavities 
Diet  between  group* 
Ho.  per  Inch  of  weld 
Aligned  porosity* 

Diem  of  cavity 
Diet  between  cavities 
Diet  between  group* 
No.  per  Inch  of  weld 
Scattered  porosity* 
Spheroidal 
Diem  of  cavity 
Dlit  between  cavities 
No.  per  Inch  of  weld 
Elongated 

Non-oetalllc  Inclusion* 
Spheroidal 
Dlaa  of  Inclusion* 
Dlit  between  lncl'e 
No.  per  Inch  of  weld 
Elongated 

Metallic  Inclusion* 
Spheroidal 
Elongated 
Excaas  penetration 


4.5 


4.5 


VISUAL  ^NSVlCTrUfr 


10 


T/5(.060"max) 

10D(.15mln)^ 

2 

U 


T/4( .080"max) 
SD( . 12"min) 

3 

U 

Seoe  a*  S.P. 

U 

T/4(.032"max) 


T/5(.060"max) 

8D(.125"mln) 

6T(l"oln) 

3 


T/5( ,060"m*x) 
8D(.12"mln) 

4 

U 


T/4( .080"max) 
6D( ,090"mln) 

5 

U 

Same  as  S.P. 

U 

T/4(.032,,max) 


U 

U 

U 

u 

u 

U, under  1/4"T; 
1/4"T  and  over 
T/4  max  In  any 
8T  weld  length 

T/10  max. 

Same  a*  t.P. 

U, under  l/4"Tj 
1/ 4"T  and  ovar 
T/5(.060"max) 
6D(.090"mln) 
6T(l"Bln) 

3 

T/5(.060’\nax) 

6D(.090"mln) 

6T(l"mln) 

3 


T/4 ( . 080"max) 
6D(.090”mln) 


T/3 ( . lC0"max) 
4D(.060"mln) 

6 

U 

Same  a»  S.P. 

U 

T/4(.032"max) 


U 

U 

U 

U 

U 

U.  under  1/4"T; 
1/4"T  and  over. 
T/4  max  In  any 
6T  weld  length 

T/10  max. 

Earn#  a*  l.P. 

U, under  1/4"T( 
1/4"T  and  over 
T/4(.080"mex) 
4D(.060"mln) 
3T(l/2"mln) 

5 

T/4(.080'Wx) 

4D(.060"mln) 

3Tll/2"mln) 

5 


T/4( .080"max) 
4D(.060"mln) 

8 

U 


T/ 3 (.100 "max) 
3D(.060"mln) 
10 
U 

Same  ae  S.P. 

U 

T/3(.060"max) 


Excess  crown 
Undercut 
Depth 
Length  ,  . 


10 

1 

2,3 


T/4( .032"max) 
U 


T/4(,032"max) 

T/20 

5T  In  50T 
U 


T/4(.032"max) 

T/20 

5T  In  50T 
U 


T/3(.060"max) 

T/20 

5T  In  50T 
U 


*Not  more  than  three  (3)  consecutive  Inches  may  contain  porosity.  For  every 
Inch  up  to  maximum  of  three  (3)  that  contains  porosity,  there  shall  be  an 
equal  amount  of  sound  wold  on  either  side. 

NOTE-  See  paragraphs  4.1,  4.2  and  3.2.1.  3.2.2  for  explanations  of  symbols ,  terms , 

abbreviations,  definitions  and  conditions  governing  single  and  multiple 
types  of  defects. 

Refer  to  Figures  (  and  ^6  for  determination  of  "T"  used  in  limiting  size 
of  defects.  If  a  weld  crown  or  filler  is  subsequently  machined,  values  of 
"T"  used  shall  be  adjusted  in  accordance  with  finished  dimensions  at  the 
weld  joint . 
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WELDING  CONDITIONS  AND  WELD  PROPERTIES  DATA 
ON  SQUARE  BUTT  WELDS  IN  6A1-4V  TITANIUM  PLATE 
(SOLUTION  TREATED  AND  AGED) 
NOMINALLY  0.  2  5- IN.  THICK. 


Table  Vlll-  1.  Welding  Conditions  and  Weld  Properties  Da 

and  Aged)  Nomin 


1 

mm 

Root 

Land 

Thie  kneel 
0M 

S.Ul 

0.241 

H 

Torch  Setup  data 

•  • 

Torch 

■ 

Orifice 

Standoff 

Slstaace 

fte.) 

13«lrSi«5 

ZteTTi 

fia« 

C* 

1 

mi 

Dia 

{!».» 

Included 

Tip 

Angle 

U«fl 

End 

PUt 

&ia 

{In.} 

Setback 
Dime  c* 

{In, } 

Tjfpt* 

Total*3 

Flew 

(efly 

Typ* 

Flew 

iclh) 

vhm 

2<m«i 

■aasr 

H 

“1 

rm 

fratuvi 

sac 

hsaveres 

utSvera* 

rse 

H 

IKS&S9HfiS3l 

■33m 

IIW 

SB 

■ 

^gy| 

ss 

At 

■ 

se 

At  . 

TT 

mgjjjjU 

HKfll 

lisSIMH 

^jyj 

wm 

mu 

iifl 

Mi 

mu 

mm 

Ax 

|^| 

Ar 

~sr~ 

^Aj 

Keyhole,  sq  butt 
Melt- in 
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T2AS-2  toot 
T2A2-2  150 
amp  eeuer 

PTVB 

PT-8 
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J7? - 

1M 

na 
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70 

EOj 

~‘T7g 

1/8 

At 
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n 

X? - - 

HE  50 

a 

""A* 

Ar 

’■"OK"*-" 

0.241 
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TU2*2  1?0 
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'"TCT” 

PT.fi 

WTCJ4TM 

mTW""“ 

1/4 

m 

70 

*JUM 

Bo 

1/8 

1/8 

A* 

HZ  SO 

TT 

6 

Ar 

HE  50 

40 

70 

Ai 

Aa 

-xnr- 

0.241 

0. 241 

$■1*2 -i,  roof 
T2A2-2,  O.U 
ItO  amp  cover 

hF*TT“ 

PT-8 

pt.s 

i  36.  M 

m-M 

134-M 

'1/4^ 

1/4 

1/4 

i/» 

1/8 

1/8 

?#  JBi 
70 

70 

T75T 

3/64 

3/64 

1/6 

1/8 

1/8 

Xt 

At 

HZ  30 

H 

91 

<Jo 

60 

70 

Ai 

Ai 

Ai 

mSSSSM MMH 

hr-r  +  w  reraam 

ES9HSSSI 

tSSM 

m 

Rim 
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m 

wrnmm 

WSSuM 
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filS 

Bp 
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Ar 

■uffiamciaai 

minim 

i»y/>gg  ——i 

1 !SiX* 

pjdjpn 

■2UHI 

■riiw 

■qmp 

■  ii'— 

KOMH 

QBBfl 

jBlifli 

“S3 

mvTXxrmrwyrxm 

fcyf.yaciTT^M 

ErMqtlEfffl 

l‘g->di 

rwra 

K£tti 

m 

— 

mwjm 

1BHH 

Ar 

HE  7S 

Hjj 

mm 

m 

i 

I 

1 

rse 

- Ml _ 

Keyhoic,  *q  butt 
Keyhole,  *q  butt 
Keyhole,  sq  butt 
Keyhole,  *q  butt 

MV — 

T2A2-35 

T2A2-35 

T2A2-35 

mxr 

PT-8 

PT-8 

PT-8 

134-M 

134-M 

134,14 

T/T- 

1/4 

1/4 

1/4 

-m  ■ 

1/8 

1/8 

1/8 

70 

to 

70 

uvr 

i/84 

i/64 

3/54 

“W — 
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1/8 

1/8 

Ar 

Ar 

At 

.  Ar  . . 

“TT^ 

26 

16 

16 

Ar 

Ar 

Ar 

Ar 

60 

60 

60 

.60 

At 

Ai 

Ax 

Ai 

-Ju 

Ar 

:  At 
Ar 

OT250 

0.250 
_  0.250 

0. 2S0 

T2A2-34  H 

T2A2-IA 

T2A2.J6 . 

T2A2-54 

PT-8 

PT-8 

-FT-8- 

PT-K 

Y5T-ii 

134- M 

135- M 
U8-M 

'"OT 

1/4 

-  1/A  -  — 

1/4 

m 

wm 

70 

-70 - 

to 

mi7Ua 

3/64 

3/44- 

3/64 

i/a  ' 
m 

1/8 

1/4 

91 

IB 

H 

jU  -1 

Ar 

"Air 

Ar 

io 

60 

60““ 

60 

0-4956 

HA 

nt^ir 

{Phase 

wwrit, 
tC  welds) 

TOW 

TSSS-W . .  "1 

“wrr"1 

iia« 

mrtim 

“W  "' 
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■IB 

At  _ 

— 

msmm 

KUmH 

KBnilHWI 
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m 

fo 
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M 

Ar 

Ar 
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BBWBj 

mShS 
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HiB 
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■^—1 

Iifl 

Uflj 
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""St 

Flat  TM 
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mmESSSBm 

Keyhole,  *q  butt 

mi 

fcs£l!B 

FT-8 

136-M 

m 

m 

Hi 

mi 

Ar 

HI 

5 

"T5 

Ar 

Key  bale,  eq  butt 
Melt-in 

■0*U1 

■3E&XI 
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mSSSBSSSM 
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K9E1 

IB 

Ml 

EZH8 

Pwl 

KW 

Ar 

HE  75 

H 

tJB 

): 

'  "oiT 
60 

keyhole ,  «q  butt 
plus  melt,  in 

-  -  - 

Ml 

wtvsrm 

^74 

2/4 

1/4 

IB 

n 

am 

nii* 

tsa 

m 

Ar 

Ar 

He  75 

i T" 

26 

S 

Ar 

Ar 

He  75 

40 

60 

60 

n 

Keyhole,  aqbutt 

Welt,  in 

0. 250 
0.250 

T2A2-31  root 
T2A2-3I  cover 

PT-8 

PT-8 

1 36-14 
136-M 

1/4 

1/4 

1/8 

1/fi 

70 

70 

mrm 

CCT 

1/8 

1/8 

Ar 

HE  75 

Hi 

H 

Ar 

Ar 

Keyhole,  *q  bait 
Melt- In  - 

TS.TW - 

0.  250 

T2A2- 32  root 
T2A2- 52  cover 

wr" 

PT-8 

U4.M 

"ITT 

1/4 

ITT? 

1/8 

70 

»jr.m 

trial 

in 

_At 

HE  75 

Sj 

Ar 

HE  75 

iM 

Bg 

Horizoeaai.Transvers* 

Horizontal,  T  raoave  r  »t 

Horizontal, Transverse 

DCeyhaU,  sq  butt 
Melt.  In 

Melt- in 

TTB — 

0. 250 
0.250 

T2EJ.J  root - 

T2E2-3-1  covsr 
T2X2.3-2  cover 

PT-8 

PT-8 

PT-8 

»W-M 

m.M 

1/4 

1/4 

T/f 

1/8 

l/« 

W 

70 

70 

575* 

J/44 

3/64 

IB 

Ar 

HE  75 

HE  75 

■HJM 

Ar 

HE  75 
HE  75 

60 

60 

60 

P 

G-49  §61 

m 

S  lat  -  T  r  *a*y  s  r  so 

£.».  Weld 

0. 250 

Electron  beam  weld  mads  at  US  KV,  35  MA,  at  50  ipm  travel  speed 

NOTES; 

b. 

c. 

d. 

9. 

t . 
fi¬ 
fe. 


Tensile  propertied  determined  with  weld  reinforcement  left  as- we  Id  sd. 

Inert  gat  composition  abbreviations  are  defined  ae  follow*:  AH  -  Argon;  HE  60  *  $Q%  Argon/50%  helium;  HE  75  -  Argon/ ?S%  helium. 

Orifice  gas  flaw  values  accurate  to  41%  of  full  seal*  on  flowmeters.  E  } 

Hwt  input  values  calculated  without  regard  for  heat  losses  in  torch  orifice  or  radiation  losses  using  th*  equation  1  a 

Heat  treatment*  shown  were  at  indicated  temperatures  for  4  hr  in  still  air.  followed  by  still  air  cooling.  S  *  Kt 

Notch  located  ibre*»gh-tb* -thickness  of  the  speciman  in  the  location  indicated;  notch  was  machined  is  smoothly  ground  rectangular  cross  section  bar  0. 24  a  0.  394  *  2. 10  la. 
Parent  material, 
i'uiton  gone. 


i.  Heat  affected  iam. 


j-  Commercially  pure  titanium. 
k.  4  A1-4V  titanium.  ELI  gr«d*« 

!•  One  test  only, 

m.  Tnm  tests. 


h 


:on#  and  Weid  Properties  Data  on  Square  Buttwelds  in  6A1-4V  Titanium  Plate  (Solution  Treated 
and  Aged)  Nominally  0.25-in.  Thick. 
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BRIEF  DESCRIPTION  OF  THE  NEW  ALL-WELDED 
LM  ASCENT  TANK  MODEL 


The  IM  . ascent  tank  model  installed  in  vehicles  UM-L  through  LM-5  _ 

-two- -opening it  *-15-in. 

diameter  access  hole  at  the  bottom,  and  a  l -in.  diameter  helium 
inlet  port  at  the  top. 

A  titanium  cover  is  attached  to  the  f lange  surrounding  the  access 
hole:,  and  a  stainless  steel  heliumdif fuser  fitting  is  attached 
to  the  helium  inlet  -port.  Roth  the  titanium  cover  and  the  stain - 
less  steel  fitting  are  fastened  to  the  tank  with  bolts,  and  in  — 
each  instance,  helium  leakage  is  restricted  by  a  Teflon-covered 
stainless  steel  seal.  The  delivered  weight  of  this  tank  model 
has  averaged  73  lb. 

A  new  all-welded  tank  model  that  will  be  installed  in  vehicles 
itM-6  through  iM- 15  is  currently  being  developed.  The  bolt-on 
coyer  ahd  “diffuser  fitting  will  be  replaced  by  titanium  closure 
and  diffuser  subssseittblies welded  into  top  and  bottom  openings. 

.  This  modification  will  eliminate  two  helium  leakage  paths  and  ' 
reduce -the  tank -weight- by  *approximately-9"lb.  - 


GRAIN  BOUNDARY  SEPARATIONS  FOUND  IN  DIFFUSER-TO-TANK  WELDS 


An  initial  group  of  four  tanks  is  being  processed  through  the  ten 
. new  welding  operations  required  to  fabricate  the  new  model .  The 
firstarticleismerely  atool  proofingunit.  The  second  is  the 
new  qualification  tank,  and  the  third  and  fourth  are  the  1M-6 
..fuel..said-OXi<iizer.jtanlcs. . -  — 

A  small  crack  was  detected  in  the  X-ray  of  the  diffuser-to-tank 
weld  (Figure  1)  made  oh  the  tool  proofing  unit.  The  crack  was 
also  detected  by  fluorescent  penetrant  inspection  of  the  root 
side  of  the  weld. 

A  review  of  the  data  recorded  when  the  weld  was  made  indicated 
that  a  small  water  leak  in  the  welding  torch  plumbing  had  occurred 
midway  through  the  welding  cycle.  The  cause  of  cracking  was 
tentatively  assigned  to  hydrogen  contamination  from  the  water 
leak. 
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Figure  X-l.  Diffuser-to-Tank  Weld. 


Following  this  brief  evaluation,  the  diffuaer-to-tank.  weld  was 
made  in  the  qualification  tank.  No  rejectable  defects  were  found 
in  the  X-ray  of  this  weld. However ,  one  small  crack  indication 
was  detected  on  the  root  surface  by  fluorescent  penetrant  in¬ 
spection.  To  verify  the  presence  of  the  defect,  the  area  was 
washed  and  then  reinspected  by  the  fluorescent  penetrant  method. 
Since  the* second  inspection  indicated  no  defects,  the  conform¬ 
ance  to  apecification  fluorescent  penetrant  inapection  require¬ 
ments  wss  certified  by  Quality  Control. 
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Because  a  c omelet el  yaatij^flctogvexpLanatiuft  of  the  cause  of  - 
cracking  of  the  tool  proofing  tank  weld  had  not, been  established, 
an  engineering  directive  was  Issued  requiring  the  diff user-to-tank 
welds  on  both  tool  proofing  and  qualification  units  to  he  rein* 
speeted  with  a  new  supersensitive  penetrant  Inspection  technique. 
The  materials  required  for  this  technique  are  marketed  by  Magna- 
fluxCor^rationunda^^  HY-REZ.  —  - 

HY-ftEZ  penetrant  inspection. revealed  several  indications  on  the 
root  surfaces  of  both  welds  which  appeared  under  microscopic 
examination  to  be  small  cracks  located  at  grain  boundaries.  As 
a  result,  HY-REZpenetrant  inspections  were  run  on  a  total  of 
seven  test. welds,  which  had  previously  been  made  in  pieces 

approximately  simulating  the  configuration  of  the  diffuser-to- - 

tank  weld.  Separations  were  found  in  six  out  of  seven  of  these 
pieces  (Figure  2), 

In  every  instance  the  separations  were  located  only  on  the  root 
surface  of  the  weld,  near  the  Weld  centerline.  Also,  in  every 
instance,  the  flaws  followed  grain  boundaries. 

The  most  common  causes  of  6A1-4V  titanium  weld  cracking  are 


.a,  Interstitial,  contamination  by  nitrogen,  oxygen, 
and  hydrogen. 


The  test  welds  had  been  made  in  a  controlled  atmosphere  chamber, 
evacuated  to  less  than  ip  before  back-filling  with  argon.  Addi¬ 
tionally,  certification  welds  were  made  before  starting  and  after 
completing  the  test  welds  to  verify,  the  .purity  of -the -chamber 
atmosphere.  Verification  was  accomplished  by  running  gas  analyses 
on  the  certification  welds  to  determine  oxygen,  nitrogen,  and 
hydrogen  content,, — Based  on  a  review  of  the  gas  analysis  data, 
the  possibility  that  the  cracking  was  caused  by  interstitial 
contamination  was  ruled  out. 

Because  the  welds  were  never  subjected  to  the  combination  of 
corrosive  environment  and  applied  stress,  stress  corrosion  was 
also  eliminated  as  a  potential  cause. 
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A  review  of  the.  joint  geometry  (Figure  1?  focused  attention  on 
ttehlgh.  restraint  produced  in  the  weld  by  the  stiffness  of  the 
surrounding  entirotation  fitting  boss.  The  probable  cause  of 
cracking  was  therefore  attributed  to  high  residual  stresses. 

The • following  three  corrective  measures  were  investigated: 

~  a.  Changing  the  diffuser  to  commercially  pure 
titanium  to  increase  weld  ductility. 

b.  Reducing  the  minimum  thickness  at  the  weld  joint 
from  0.070  to  0.040  in.  to  decrease  the  weld 
width  and,  thereby,  the  tendency  toward  shrinkage. 

c.  Incorporating  a  pre-  and  postheat  cycle  into  the - 

welding  schedule  to  permit  a  high  postheat  tempera- 
ture  to  be  maintained  for  a  long  enough  time  to 
allow  the  relaxing  of  residual  stresses  by 
yielding  of  the  weld  metal . 

To  evaluate  corrective  measures  a  and  b,  the  following  specimens 
simulating  the  diffuser-to-tank  weld  configuration  were 
fabricated: 

Type  1 .  Commercially  pure  titanium  diffuser  fitting, 
0.070-in. -thick  weld  joint,  6A1-4V  titanium 
~ - antirotatiottijosa.  — — — — — ■  -  ■  --- 

Type  2.  6A3.-4V  titanium  diffuser  fitting.  0.040-in. - 

— . . . .  - thick  weld  joint ,  6A1-4V  "titanium  antirotation — — 

boss. 

Type  3.  6A1-4V  titanium  diffuser  fitting,  o. 070-in. - 

thick  weld  joint,  6A1-4V  titanium  anti- 
rotation  boss. 

Six  each  of  these  specimens  were  welded  in  Aerojet's  controlled 
atmosphere  chamber.  Neither  pre-  nor  postheat  was  used.  All 
of  the  specimens  were  X-rayed  and  then  HT-SEZ  penetrant-inspected 
There  were  no  indications  of  cracks  in  any  of  the  three  groups. 
The  specimens  were  HY-RE2  penetrant-inspected  again  12  to  14  days 
after  welding.  There  were  no  indications  of  cracks. 


current  was 


Microscopic  examination  showed  that : single  indications  found  in 
three  of  the  six  welds  side  of  the 

weld,  following- ’grain  boundaries ,  In  addition,  careful  examine 
tion ;  of  X-rays  of  one  weld,  conta^ing  separation  demonstrated 
conclusively  that  this  type  of  defect  cannot  be  detected  by 
radiographic  inspection. 


ACTIOKS  TO  BE  TAKEN  AS  A  RESULT  OF  THE  DISCOVERY 
OF  THE  (SAIN  BOUNDARY  SEPARATIONS 


Diffuser-to-Tank  Weld 


a.  The  diffuser  material  will  be  changed  to 
commercially  pure  titanium,  but  no  pre-  and 
postheat  cycle  will  be  incorporated  into  the 
welding  schedule. 

b.  A  HY-REZ  penetrant -inspection  will  be  made 
on  the  root  side  of  all  welds. 

Closure-to-Tank  Weld 

a.  The  welding  filler  wire  will  be  changed  to 
commercially  pure  titanium,  but  no  pre-  and 
pcstheat  cycle  will  be  incorporated  into  the 
welding  schedule. 

b.  At  least  one  existing  closure  weld  containing 
a  separation  srLll  be  pressure  cycle  tested  to 
failure  to  obtain  crack  growth  data. 


Six  new  simulated  closure-to-tank  welds  will  be 
welded  with  commercially  pure  filler  wire  and  HY- 
P^etrant-insjpected.  .  THree  of... these. welds  will 
be  destructive-tested  to  failure,  either  by  cycle 
or  burst  testing. 


DISCUSSION 


At  the  present  time,  although  a  decision  has  been  made  to  pro¬ 
ceed  as  described  above,  there  is  no  assurance  that  tanks  de¬ 
livered  to  Grumman  will  not  contain  separations  of  the  type 

in  Pi®urf  2*  Although  the  dif fuser-to-tank  weld  wil] 
oe  HY-REZ  penetrant -inspected  to  assure  that  it  is  free  of  sepa- 
rations,  the  root  side  of  the  closure-to-tank  welds  is  inacces¬ 
sible  and  so  cannot  be  inspected  by  this  method. 
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To  Aerojet's  knowledge,  there  is  no  tank  manufacturer  using 
HY-REZ  penetrant-inspection  as  a  production  inspection  method. 
Thus,  it  is  possible,  and  even  probable,  that  this  type  of  de¬ 
fect  occurs  in  other  existing  titanium  tankage.  The  high- 
pressure  helium  storage  tanks  used  in  Saturn,  Apollo,  and  LM 
vehicles  are  thick-wall  titanium  tanka  welded  with  multiple 
pass  procedures,  using  6AX-4V  titanium  filler  wire.  The  root 
side  of  the  girth  welds  in  none  of  these  tanks  can  be  penetrant- 
inspected. 

Aerojet  believes  that  the  use  of  commercially  pure  filler  metal 
will  reduce  the  tendency  for  separations  of  the  type  illustrated 
in  Figure  2  to  develop.  Three  girth  seam  welds  <465  in,  total) 
made  with  commercially  pure  filler  material  have  been  HY-REZ 
inspected,  and  no  crack  indications  were  found.  Additionally, 
HY-REZ  inspection  revealed  no  separations  in  the  six  test  welds 
simulating  the  welding  of  a  commercially  pure  diffuser  fitting 
to  the  tank. 

In  assessing  the  significance  of  the  grain  boundary  separation 
problem  discussed  in  this  report,  the  following  should  be  kept  in 
mind;  NASA's  basic  fracture  mechanics  approach,  under  which  a 
limit  is  set  on  the  pressure  cycles  permitted  between  proof  tests, 
assumes  that  flaws  considerably,  larger  -than  the  aeparat-ions  dia- 
covered  in  the  LM  tank  welds  are  present  in  the  structure. 
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